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Three types of oligonucleotide DNA probes, namely quenching probes, 
molecular beacons, and quenching beacons, were employed to study their ability to 
quantitatively detect specific DNA target and discriminate single nucleotide mismatch 
(MM) in the target. Quenching beacons were designed based on the structure of 
molecular beacons but replaced the quencher with guanines utilizing its fluorescence 
quenching property. Two sets of probes were designed, to target an 18-mer ribosomal 
ribonucleic acid (rRNA) sequence of the Methanosaeta concilli, and an 18-mer 
human multidrug resistance 1 (MDR1) gene sequence, respectively. A series of 
targets including a perfect match (PM) target and 54 mismatch (MM) targets with 
single base MM of all types at all positions were prepared for each set of the probes. 
The study was carried out by hybridizing the individual probe to each of the 
corresponding series of targets in homogeneous solution followed by equilibrium 
melting curve approach. Fluorescence quenching efficiencies and signal-to-
background (S:B) ratios were used to evaluate the performances of the different 
probes in quantitative detection of target. Melting temperatures (θm) of all probe-
target duplexes were measured, and the differences in θm between PM duplex and 
different MM duplexes (Δθm) were exploited to study the discrimination of single 
MM targets and the probe specificity. The results suggested that quenching probes 
labeled with BODIPY FL or TAMRA were good candidates for label-free 
hybridization detection of nucleic acid. Though their specificity is not as high as 
molecular beacons, design of quenching probes was simpler. Quenching beacons 
showed decreased S:B ratio and specificity compared with molecular beacons. The 
single-base MMs that could be successfully discriminated by the three types of probes 
 vi
were mainly positioned internally and did not involve guanine. Both MM position and 
MM type were shown to significantly affect discrimination of single base MM. 
Keywords: hybridization, discrimination, melting temperature, 
oligonucleotide probe, perfect match, single base mismatch 
 vii
NOMENCLATURE 
Δθm Difference in melting temperature between the duplex of 
probe/mismatch target and that of probe/perfect match target 
ΔG Free energy 
ΔH Enthalpy 
θ Temperature 
θm Melting temperature 
ΔS Entropy 
α Characteristic fluorescence intensity of molecular beacon in phase 1 
β Characteristic fluorescence intensity of molecular beacon in phase 2 
γ Characteristic fluorescence intensity of molecular beacon in phase 3 
[B] Concentration of molecular beacon 
[BT] Concentration of molecular beacon-target duplex 
[T] Concentration of free target 




DNA Deoxyribonucleic acid 
F Fluorescence intensity at a given temperature 
FRET Fluorescence resonance energy transfer 
G Guanine 
HCl Hydrochloric acid 
KCl Potassium chloride 
MB Molecular beacon 
MGB Minor groove binder 
MgCl2 Magnesium chloride 
MM Mismatch 
PCR Polymerase chain reaction 
PM Perfect match 
QB Quenching beacon 
 viii
QP Quenching probe 
R Gas constant 
RNA Ribonucleic acid 
S:B ratio Signal-to-background ratio 
SNP Single nucleotide polymorphism 
T Thymine 
TO Thiazole orange 
 ix
LIST OF FIGURES 
Figure 1.1 Schematic representation of quenching beacon structure and proposed 
method of detection. 5 
Figure 2.1 (A) Double-helix DNA (adapted from 
http://en.wikipedia.org/wiki/Image: Dna-split.png); (B) Watson-Crick 
base pairing between T and A, C and G. 7 
Figure 2.2 Detection of target using a quenching probe. 16 
Figure 2.3 Structure of a HyBeacon probe (with 3’-end blocker to prevent 
extension from probes in PCR) and the method of target detection. 17 
Figure 2.4 Structure of MGB Eclipse probe and the mehod of target detection. 18 
Figure 2.5 Schematic drawings of displacement hybridization probe and its 
working principle. 18 
Figure 2.6 (A) The structure of a molecular beacon; (B) The three phases of a 
molecular beacon in solution. 21 
Figure 2.7 Alternative molecular beacon designs: conventional molecular beacon 
and shared-stem molecular beacon. 21 
Figure 2.8 Structure of a cyclicon probe and the method of target detection. 25 
Figure 3.1 The 96-well microtiter plate used for hybridization. 38 
Figure 3.2 The spectrofluorometric thermal cycler (i-cycler, Bio-Rad Laboratories) 
for the measurement of fluorescence of the hybridization assays as a 
function of temperature. 38 
Figure 4.1 Normalized fluorescence intensities with respect to temperature for 
quenching probes of both Saeta set and MDR1 set after the 
hybridization with corresponding PM target. 45 
Figure 4.2 Normalized background fluorescence intensities with respect to 
temperature for the molecular beacons and quenching beacons of both 
Saeta set and MDR1 set. 46 
Figure 4.3 S:B ratios of Saeta set MB_MX-FAM hybridized with PM and 
selected MM targets ([MB] = 1 µM, [target] = 5 µM). 49 
Figure 4.4 S:B ratios of MDR1 set MB and QBs hybridized with PM and selected 
MM targets. (A) MB3435G-FAM (B) QB3435G-BODIPY (C) 
 x
QB3435G-TAMRA (D) QB3435G-FAM ([MB] or [QB] = 1 µM, 
[target] = 5 µM) 50 
Figure 4.5 Melting curve for molecular beacon MB_MX-FAM hybridizing to PM 
target and MM target ([probe] = 1 µM, [target] = 5 µM). 51 
Figure 4.6 Melting temperatures (θm) for the quenching probes, molecular 
beacons and quenching beacons hybridizing to PM and all the single-
nucleotide MM targets. (A) Saeta set QP and MB (B) MDR1 set QPs 
and MB (C) MDR1 set QBs. All data shown were for sample 
containing 1 µM probe and 5 µM target. 53 
Figure 4.7 Δθm of each MM type at each position from the 5’-end of the target 
obtained for Saeta set (A) QP_MX-BODIPY (B) MB_MX-FAM. 
Standard deviations were not shown for clarity. 57 
Figure 4.8 Δθm of each MM type at each position from the 5’-end of the target 
obtained for MDR1 set (A) QP3435G-BODIPY (B) QP3435G-
TAMRA (C) MB3435G-FAM (D) QB3435G- BODIPY (E) 
QB3435G-TAMRA. Standard deviations were not shown for clarity. 59 
Figure 4.9 Means and 99% least significant difference (LSD) intervals of Δθm for 
(A) Saeta set (B) MDR1 set 64 
Figure 4.10 Determination of thermodynamic parameters for MB_MX-FAM. (A) 
the slope of the fitted line is -ΔH23, and the intercept is ΔS23; (B) the 
slope of the fitted line is -ΔH12, and the intercept is ΔS12. 65 
Figure 4.11 Free energy of the three phases of a solution of MB_MX-FAM in 
equilibrium with target, calculated for a solution containing 1 µM of 
probe and 5 µM target. 67 
Figure 4.12 Determination of -ΔH23 (slope of the fitted line) and ΔS23 (intercept of 
the fitted line) for for MB3435G-FAM, QB3435G-TAMRA and 
QB3435G-BODIPY. 68 
Figure 4.13 Determination of -ΔH12 (slope of the fitted line) and ΔS12 (intercept of 
fitted line) for (A) MB3435G-FAM, (B) QB3435G-TAMRA and (C) 
QB3435G-BODIPY. 69 
Figure 4.14 Free energy of the three phases of a solution of (A) MB3435G-FAM, 
(B) QB3435G-TAMRA and (C) QB3435G-BODIPY in equilibrium 
 xi
with target, calculated for a solution containing 1 µM of probe and 5 
µM target. 72 
Figure 5.1 The change in signal-to-background (S:B) ratio with quenching 
efficiency for molecular beacon and quenching beacon. 75 
 xii
LIST OF TABLES 
Table 2.1 Quenching efficiencies of fluorophore-conjugated DNA probes, by 
monitoring the fluorescent change of 40 nM of DNA (5’-dye-C10T6) in 
hybridization with 160 nM of complementary DNA (5’-A6G10) 
(Torimura et al., 2001). 14 
Table 2.2 Commercially available reporter/quencher combinations. 22 
Table 3.1 The design of probe/target oligonucletotides of Saeta set 33 
Table 3.2 The design of probe/target oligonucletotides of MDR1 set 34 
Table 4.1 Quenching efficiencies of the quenching probes, molecular beacons 
and quenching beacons used 47 
Table 4.2 ANOVA for Δθm of (A) QP3435G with different fluorescent dyes (B) 
QB3435G with different fluorescent dyes. 60 
Table 4.3 ANOVA results for Δθm of Saeta set with factors of MM position and 
MM type 61 
Table 4.4 ANOVA results for Δθm of MDR1 set with factors of MM position and 
MM type 61 




Deoxyribonucleic acid (DNA) hybridization or reassociation is a process in 
which a DNA strand binds its complement to form a double-stranded structure 
(Tijssen, 1993). The specificity of this process is achieved by the molecular 
recognition of one strand to the other arising from correct base pairing (Guo et al., 
1997). Nucleic acid hybridization with either long DNA fragment or short 
oligonucleotide probes has been extensively used to detect a complementary target in 
a complex DNA mixture (Wetmur, 1991). Using long DNA fragment as a probe, this 
process can be used to establish a molecular or genetic relatedness between 
microorganisms and to characterize their genomes (Stackebrandt & Goebel, 1994). 
Using short oligonucleotide probes, it can be used as a diagnostic tool, for example, to 
detect specific targeted microorganisms (Amann et al., 1997), and distinguish 
pathogenicities at low copy numbers without prior replication (Amavisit et al., 2003). 
However, probe-based hybridization technique still has its limitation to 
correctly identify its complementary DNA sequence. This is because the stability 
difference between a perfectly matched complement and a complement mismatched at 
only one base can be quite small. This subtle difference further makes it extremely 
difficult to differentiate the true target from the other non-targeted DNA molecules in 
a complex DNA mixture (Aboul-ela et al., 1985). For example, it has been the major 
challenge in the detection of single nucleotide polymorphism (SNP), which is a single 
base mutation in DNA sequence that substitutes one nucleotide for another at a given 
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position (Schork et al., 2000). SNP is also known as the largest source of diversity in 
the human genome, and to directly link to some human diseases and essential for 
identification of genes responsible for complex disorders (Collins et al., 1997). Hence, 
the discrimination of a perfect match (PM) versus a single-base mismatch (MM) has 
still a major challenge for probe-based hybridization techniques. Consequently, it is 
important to design probes with specificity to recognize targets differing at only one 
base position in hybridization assays. 
There have been many major efforts to improve the specificity of probe-based 
hybridization for single MM discrimination over the years. In addition to the 
conventional probes, various types of oligonucleotide probes have been developed, 
and some of them have been successfully demonstrated to achieve discrimination at a 
level of a single nucleotide MM (Marras et al., 1999; Svanvik et al., 2000; Frutos et 
al., 2002; Li et al., 2002; Ramachandran et al., 2004). One example is “molecular 
beacon” probes, which are oligonucleotide DNA probes with probe sequence flanked 
by stem sequences at both ends (Bonnet et al., 1999). Molecular beacons can form a 
stem-and-loop hairpin structure and possess an internally quenched fluorophore. 
When they bind to complementary nucleic acids, they undergo a conformational 
transition that switches on their fluorescence. Molecular beacons have been widely 
used to detect and quantify targets under homogeneous condition (e.g. solution) 
because of their low backround noise and high detection sensitivity. 
The use of quenching probes for quantitative detection of specific nucleic acid 
is a newly developed method with great potential (Kurata et al., 2001). Quenching 
probes are fluorescently labeled linear oligonucleotide probes that make use of the 
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fluorescence-quenching phenomenon by nucleotide guanine base(s). Target detection 
and quantification are achieved based on the reduction in fluorescence emission of 
quenching probes during their hybridization with targets. Having the characteristics 
suitable for homogeneous hybridization assay, quenching probes possess a much 
simpler design as compared with structured probes like molecular beacons. 
So far there have been a few studies using conventional probes or molecular 
beacons to study target discrimination (Guo et al., 1997; Wang et al., 2002; 
Ramachandran et al., 2004). Nevertheless, most of them focused only on the 
discrimination of a certain MM type at certain positions near the centre of the 
oligonucleotide. Systematic studies are still lacking to test the ability of the probes to 
discriminate all possible types of MMs at various positions. Such studies are 
necessary, to promote understanding of the effect of different MMs on DNA duplex 
stability. 
1.2 Quenching beacons 
In addition to molecular beacon and quenching probe, this study has 
developed a new format of probe termed as “quenching beacon.” It made use of the 
underlying mechanism of quenching probes (i.e., the fluorescence quenching 
phenomenon by nucleotide base guanines), and adopted the similar structure as 
molecular beacons except for the absence of quencher component that is 
incorprorated in molecular beacon. Structured probes such as molecular beacons are 
expensive to synthesize. Nevertheless, by using the dye-nucleotide base interactions 
utilized in quenching probes as an alternative way to quench fluorescence, quencher 
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molecules were eliminated in quenching beacons and cost of probe synthesis was 
reduced. 
The fundamental of quenching beacons is to combine the stem-and-loop 
structure of molecular beacons and the dye-guanine(s) interaction used in quenching 
probes for nucleic acid detection. As shown in Figure 1.1, a quenching beacon was 
designed to have loop sequence, stem sequences at both ends that are complementary 
to each other, and a terminally labeled fluorescent dye. Guanine bases were 
incorporated as part of the stem sequence to act as “quencher” of fluorescence 
emission through interaction with the dye in close proximity. It was assumed that the 
probes would act in a similar way as molecular beacons due to the stem-and-loop 
structure they have in common. In the absence of target, the stems would hybridize to 
each other due to their complementarity and the quenching beacon would form a 
hairpin structure. This would bring the dye very close to the guanine bases and induce 
dye-guanine interaction, which could cause great reduction in fluorescence of the dye. 
When it binds to its complementary target, the quenching beacon would open up and 
the dye would be separated from the guanines and restore its fluorescence. If the 
fluorescence is sufficiently quenched by the guanine bases on the formation of hairpin 
and is restored upon the hybridization to the target, quantitative detection of target 
nucleic acid with quenching beacons can be achieved. Hence, effective quenching of 
fluorescence by guanine bases in the stem is important for the performance of 
quenching beacons. 
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Figure 1.1 Schematic representation of quenching beacon structure and proposed 
method of detection. 
1.3 Objectives 
The overall objective of the research is to study the discrimination of single 
nucleotide variations by hybridization with three different types of oligonucleotide 
probes in homogeneous solution phase, and to compare the results and evaluate the 
performances of the probes. The specific objectives are: 
(1) to examine the ability of quenching probes and molecular beacons to detect 
PM target and a complete set of targets containing all possible single MM, 
(2) to examine and compare their ability to discriminate the single MMs of 
different types and positions in the target set, and 
(3) to investigate the feasibility of quenching beacons for quantitative detection of 
specific nucleic acids by examining quenching beacons labeled with several 
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2 LITERATURE REVIEW 
This chapter begins with the basic concepts of DNA before introducing the 
definition of oligonucleotide probes and their applications. Development of 
oligonucleotide DNA probes are shown by reviewing the different types of probes 
proposed so far with emphasis on quenching probes and molecular beacons that were 
used in this study. Lastly, discrimination of MMs by oligonucleotide probes is 
reviewed. 
2.1 Basic concepts of DNA 
2.1.1 Structure of DNA 
DNA is a polymer formed by monomer units named nucleotides, and the 
polymer is known as a “polynucleotide.” Each nucleotide consists of a phosphate 
group, a 5-carbon sugar (deoxyribose), and a nitrogen containing base attached to the 
sugar. There are four different types of nucleotides found in DNA, differing only in 
the nitrogenous base, namely adenine (A), guanine (G), cytosine (C), and thymine (T). 
Adenine and guanine are purines (5 carbons, 4 nitrogens) and cytosine and thymine 
are pyrimidines (4 carbons, 2 nitrogens). A string with alternating sugar-phosphate 
sequence forms the backbone of DNA strand. The chain has a direction known as 5’-
3’ polarity, which is important for the formation of DNA duplex (Tijssen, 1993). 
DNA duplex contains two single stranded polynucleotide chains with opposing 
polarities held together by weak thermodynamic forces, forming a double helix 
(Figure 2.1A). Within the DNA double helix, A forms 2 hydrogen bonds with T on 
the opposite strand and G forms 3 hydrogen bonds with C on the opposite strand, a 
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relationship often referred to as the rule of Watson-Crick base pairing (Watson & 
Crick, 1953) (Figure 2.1B). 
 
 
Figure 2.1 (A) Double-helix DNA (adapted from http://en.wikipedia.org/wiki/Image: 
Dna-split.png); (B) Watson-Crick base pairing between T and A, C and G. 
2.1.2 DNA hybridization and denaturation 
DNA hybridization or reassociation is a fundamental process that describes the 
formation of a double-stranded structure from the binding of a single-stranded DNA 
to its complement (Tijssen, 1993). It is formed by the hydrogen bonds between the 
two strands, and the base stacking along the axis of the helix where the nucleotide 
bases lay partially on top of each other. Based on the rule of Watson-Crick base 
pairing, the sequences of two strands have to be complementary for hybridization. 
This results in the specificity of molecular recognition of one strand by the other via 
Watson-Crick base pairing during DNA hybridization (Guo et al., 1997). The 
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The energy released in hybridization is large enough to obtain stable hybrids, 
but not too large to dissociate the hybrid by simple procedure such as raising 
temperature. In a process termed “denaturation” or “melting” of duplex, hydrogen 
bonds are disrupted. Denaturation and renaturation of DNA can be achieved 
repeatedly by slow heating and cooling, respectively, without significantly altering the 
molecular integrity of each strand (Marmur & Doty, 1959). Hence, whenever the 
target can be represented by a DNA sequence, hybridization-denaturation is an ideal 
approach for detection by oligonucleotide DNA probes. 
2.2 Oligonucleotide probes and hybridization 
An oligonucleotide probe or a single-stranded DNA sequence is used in 
hybridization-related assay to identify target DNA with complementary sequence 
(Strachan & Read, 1999). It can be used to query and identify the complementary 
target DNA in an unknown DNA mixture that may be related in sequence to the probe. 
Short sequence is often used due to several reasons (Tijssen, 1993). First, they have a 
significantly low probability to be present in a particular genome. For example, 
probes of only 20 to 25 nucleotides already have a small probability to be 
complementary to even the most complex genomes. Secondly, with shorter probes 
faster hybridization can be achieved, e.g. a 20-mer would hybridize 16 times faster 
than 5kb strand (Tijssen, 1993). Thirdly, it becomes harder to distinguish perfect from 
imperfect matches for longer probes. The presence of a specific sequence in a DNA 
sample is generally identified by hybridization using oligonucleotide probe with 
complementary sequence. After mixing single strands of probe with single strands of 
target, probe DNA strands and the complementary target DNA strands can hybridize 
to form probe-target duplexes. The existence of the complementary target can be 
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known from the signal of reporter molecule introduced into the duplex (Strachan & 
Read, 1999). 
2.3 Applications of oligonucleotide probes 
Oligonucleotide probes play a crucial part in hybridization techniques 
including polymerase chain reaction (PCR), DNA microarray, and RNA interface 
(Lee et al., 2004). So far, oligonucleotide DNA probes have been applied in various 
applied and basic research areas. They are used for detection and quantification of 
specific nucleic acid (Wetmur, 1991; French et al., 2001; Kurata et al., 2001; Frutos 
et al., 2002), gene and transcript processing analysis (Willison et al., 1993), 
localization of nucleic acid sequences in cells (Arakawa et al., 1990), and 
investigation on relationship among various species (Fernandez et al. 1998). In 
medicine, agriculture and environmental sciences, oligonucleotide DNA probes play 
important roles in detection of infectious agents such as viruses, bacteria, fungi, 
parasites, and detection of genes responsible for pathogenesis (Polanco et al., 1995; 
Vet et al., 1999; Chen et al., 2000; Sghir et al., 2000). In genetics and pathology, they 
are used for genetic screening for genetic diseases (Kumar et al., 2000), establishment 
of parentage and sex, genetic fingerprinting of individuals (Gill et al., 1985), and 
determination of distribution of particular sequence (Lau et al., 1996). In agriculture 
they are useful as tool for study of plant genetics and breeding (Pflieger et al., 2001). 
When applied to environmental sciences, rRNA-targeted oligonucleotide probes are 
used in direct analysis of microbial population structures of complex natural and 
engineered systems (Guschin et al., 1997; Daims et al., 1999). 
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2.4 Classification and characteristics of oligonucleotide probes for 
hybridization 
Up to date a few types of DNA probes have been or are being developed to 
improve both detection sensitivity (i.e., signal-to-noise ratio) and specificity to 
distinguish true target nucleic acid from MM target. From the perspective of DNA 
molecular structure, the oligonucleotide probes for hybridization assays can be 
classified into unstructured or linear oligonucleotide probes, and structured probes. 
Some of these probes make use of fluorescence resonance energy transfer (FRET) for 
detection. 
2.4.1 Fluorescence resonance energy transfer (FRET) 
FRET is a distance-dependent interaction between the electronic excited states 
of two dye molecules, in which excitation is transferred from a donor molecule to an 
acceptor molecule without emission of a photon (Stryer & Haugland, 1967). In the 
process, energy is transferred from the donor to the acceptor, causing sensitized 
fluorescence of the acceptor and simultaneous quenching of the donor fluorescence. 
FRET requires donor and acceptor molecules in close proximity (typically 10–100 Å) 
with an overlapping between the absorption spectrum of the acceptor and the 
fluorescence emission spectrum of the donor. The efficiency of FRET reduces with 
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where E is the efficiency of FRET, r is the distance between the donor and the 
acceptor, and Ro is the Förster radius at which E is 50% of maximum. Thus, FRET 
provides a very sensitive measure of small changes in intermolecular distances. 
FRET can be detected by the appearance of sensitized fluorescence of the 
acceptor or by the quenching of donor fluorescence. Nonfluorescent acceptors such as 
Dabcyl have a strong advantage of eliminating the potential problem of background 
fluorescence, due to nonsensitized excitation of acceptor. Hence, probes incorporating 
fluorescent donor (reporter) and nonfluorescent acceptor (quencher) have been 
developed primarily for detecting proteolysis (Matayoshi et al., 1990) and nucleic 
acid hybridization (Tyagi et al., 1998). FRET has also been used for a number of 
other biotechnological applications including immunoassays (Morrison, 1988), study 
of structure and conformation of proteins (Luo et al., 1998) and nucleic acids (Furey 
et al., 1998), primer-extension assays for detecting mutations (Chen et al., 1997), 
automated DNA sequencing (Hung et al., 1998), and real-time PCR assays 
(Myakishev et al., 2001). 
2.4.2 Linear probes for hybridization 
2.4.2.1 Conventional linear labeled probes 
Conventional linear oligonucleotide probes have been commonly used to 
identify complementary strands in the presence of unrelated nucleic acids since the 
late 1970s. A conventional linear probe is a single-stranded oligonucleotide designed 
to specifically hybridize with target DNA. It has only two states of conformations, if 
the transition between the two states is not considered, namely single strand in the 
absence of complementary target and duplex in the presence of complementary target 
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(Bonnet et al., 1999). A reporter group is usually incorporated into the probe for 
detection purpose. A number of reporter groups such as radioactive labels, enzyme 
labels, fluorescent labels, and luminescent labels have been used (Wetmur, 1991). The 
radioactivity of radioactive labels and the fluorescence of fluorescent labels can be 
detected directly. Detection of enzyme labels and luminescent labels is indirect and 
requires blotting after electrophoresis. 
Conventional linear probes have two main drawbacks. One drawback is the 
background noise from unhybridized probes. It is hard to determine the difference 
between unhybridized and hybridized probes in solution, because signal generated by 
conventional linear probes is independent of their hybridization state. As a result, 
separation of free and hybridized probes is required, and can be time-consuming and 
complicated to automatize. Thus, the use of conventional linear probes for real-time 
detection is almost impossible. The other drawback is limited specificity. It is 
extremely difficult to distinguish targets that differ from one another by only a single 
nucleotide using the probe. As a result, other linear and structured probes are 
developed to achieve better target detection and MM discrimination. 
2.4.2.2 Quenching probes 
A quenching probe is a fluorescently labeled linear oligonucleotide probe that 
makes use of the fluorescence-quenching by nucleotide guanine base(s) for target 
detection. It has a dye-modified cytosine base at a terminal.The fluorescence emission 
of quenching probe can be greatly reduced during its hybridization with target. 
Quenching probes have a simple design similar to that of conventional linear probes, 
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but with much lower background noise. Hence, they are able to detect and quantify 
specific nucleic acid in homogeneous solution. 
2.4.2.2.1 Fluorescence-quenching by a nucleotide base 
The fluorescence quenching phenomenon involves a photoinduced electron 
transfer mechanism most frequently observed between dyes and the most oxidizable 
nucleobase, guanine (Horn et al., 1997; Eggeling et al., 1998). When the fluorophore 
is in its excited state (fluorescent), absorption of light by the guanine base causes 
electron to be transfered from the guanine to the fluorophore. As a result of the 
interaction, the emission of fluorescence is quenched (nonfluorescent) (Torimura et 
al., 2001). The dependency of fluorescence quenching on the distance between a dye 
and a guanine has been studied by using different fluorescent dyes, including oxazine 
dyes (Sauer et al., 1998), acridine (Fukui et al., 1999), pyrene (Zahavy & Fox, 1999), 
and stilbene (Lewis et al., 2000). 
The quenching of fluorescence can either cause problem or be useful in 
analytical methods. For example, it can lead to the reduction in signal-to-noise ratio in 
fluorescence in situ hybridization (FISH) (Moter & Göbel, 2000). In contrast, 
oligonucleotide conformational dynamics in solution has been monitored using intra-
molecular quenching in TAMRA-labeled oligonucleotides (Eggeling et al., 1998). 
Oligonucleotides labeled with FAM (Walter & Burke, 1997) or BODIPY FL dye 
(Horn et al., 1997; Drganescu et al., 2000) at one of the terminal ends have been used 
as quenching probes to determine specific DNA or RNA and to measure enzyme 
kinetics. 
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Table 2.1 Quenching efficiencies of fluorophore-conjugated DNA probes, by 
monitoring the fluorescent change of 40 nM of DNA (5’-dye-C10T6) in hybridization 







Alexa 488 0/6 7 482/518 55 
5-FAM 0/6 7 486/524 86 
BODIPY FL 2/6 9 499/522 92 
BODIPY FL 2/3 6 499/522 95 
Alexa 532 0/6 7 517/544 36 
6-JOE 0/6 7 517/549 66 
BODIPY R6G 2/6 9 530/540 6 
Cy3 5/3 9 543/554 not quenched 
TAMRA 0/6 7 547/579 89 
BODIPY 564 2/6 9 557/567 9 
6-ROX 0/6 7 575/602 27 
BODIPY 581 2/6 9 580/590 20 
Texas Red 5/3 9 583/609 16 
Cy5 5/3 9 635/663 not quenched 
 
Torimura et al. (2001) studied the dye-nucleotide interactions for a few 
commercially available fluorescent dyes and their fluorescence quenching intensity in 
aqueous solution. Using fluorescent dye-conjugated DNA probes in hybridization, 
they observed that the fluorescence of the probe was quenched upon hybridization and 
restored upon dissociation. The quenching efficiency was dependent on the type of 
fluorophores attached. Table 2.1 shows their results of quenching efficiencies of 
probes labeled with different fluorophores, obtained by comparing fluorescence of the 
probe before and after hybridization with complementary target containing guanines. 
Oligonucleotide probes labeled with BODIPY FL, TAMRA or 5-FAM were strongly 
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quenched (>80%) upon hybridization with target DNA, while probes labeled with 
Cy3 or Cy5 were not quenched. These findings implied the great potential of 
quenching probes for quantitative detection of DNA by utilizing the fluorescence-
quenching phenomenon. 
2.4.2.2.2 Quantitative DNA detection using quenching probes 
Quenching probes labeled with BODIPY FL at 5’-end have been used for 
quantitative detection of specific DNA molecules (Kurata et al., 2001). As illustrated 
in Figure 2.2, when the probe was hybridized with complementary target DNA, 
energy transfer occurred between the dye attached to the probe and the guanine base 
at specific position in the target. As a result, fluorescence emission of the probe was 
quenched. The reduction in the fluorescence emission was proportional to the amount 
of target hybridized. It was noted that the complementary guanine base in the target 
had to be positioned in close proximity to the dye to induce significant reduction in 
fluorescence during hybridization. High quenching efficiency was only achieved 
when the guanine was complementary to the dye-modified cytosine base (Figure 2.2). 
The principle for quantification of target was to measure the change in the 
fluorescence emission of the probe as a result of hybridization. Hence, unlike 
conventional linear probes, signal generated by quenching probes was dependent on 
their hybridization state. Therefore, quenching probes can be used as hybridization 
probes or primers for real-time PCR in homogeneous solution. 
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Figure 2.2 Detection of target using a quenching probe. 
Use of quenching probes for the detection of specific DNA has only been 
studied using BODIPY FL-labeled quenching probe. However, there is still little 
understanding of target detection using quenching probes labeled with other 
fluorescent dyes like TAMRA or FAM. Discrimination of MM targets by quenching 
probes also has not been studied. Hence, it is important to further study the detection 
sensitivity and specificity of quenching probes labeled with different dyes. 
2.4.2.3 Other linear probes 
In addition to conventional linear probes and quenching probes, a number of 
other linear probes have been developed. These include HyBeacon probes (French et 
al., 2001), MGB Eclipse probes (Afonina et al., 2002), displacement hybridization 
probes (Li et al., 2002), light-up probes (Svanvik et al., 2000), and TaqMan probes 
(Heid et al., 1996). Some of them incorporated quencher molecules and made use of 
FRET, where fluorescence of the reporter dye can be quenched by the quencher 
molecule when in close proximity. 
HyBeacon probes are fluorescent oligonucleotide probes developed by French 
et al. (2001). A HyBeacon probe has a specific oligonucleotide sequence that lacks 
significant secondary structure, and contains a fluorophore moiety attached to an 




  Chapter 2  Literature Review 
 17
2.3). The HyBeacon probe emits greater amount of fluorescence on hybridization with 
target DNA sequence than in single-stranded conformation. This measurable increase 
in fluorescence is a direct result of target hybridization. Hence, detection and 
discrimination of DNA sequences can be achieved in real-time PCR and melting 
curve analysis. Additional benefits of Hybeacon probes include their simple mode of 
action, ease of design, and relatively inexpensive synthesis. 
Figure 2.3 Structure of a HyBeacon probe (with 3’-end blocker to prevent extension 
from probes in PCR) and the method of target detection. 
MGB Eclipse probes are novel oligonucleotide probes that have sensitive 
hybridization-triggered fluorescence (Afonina et al., 2002). A MGB Eclipse probe has 
a conjugated minor groove binder (MGB) ligand and a non-fluorescent quencher (the 
Elipse Dark Quencher) at the 5’-end, and a fluorophore at the 3’-end (Figure 2.4). The 
MGB ligand can fit into the minor groove of double-strand DNA helix and increase 
the stability of the duplex. This further allows the use of shorter probes with high 
specificity. With a short probe length, fluorescence of the single-strand probe can be 
efficiently quenched by the interaction between the terminal dye and quencher. Hence, 
the background fluorescence intensity is low when the probe is not hybridized. Upon 
hybridization to a complementary target, the quencher and the fluorophore are 
spatially separated, and the probe emits fluorescence. MGB Eclipse probes have been 





HyBeacon Probe 5´ 3´
5´3´
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Figure 2.4 Structure of MGB Eclipse probe and the mehod of target detection. 
Displacement hybridization probes consist of two complementary 
oligonucleotides of different length, with the longer positive strand labeled with a 
fluorophore and the shorter negative strand labeled with a quencher (Li et al., 2002). 
As shown in Figure 2.5, both probes on their own in solution are non-fluorescent due 
to the close proximity of the fluorescence and the quencher. In the presence of target, 
the negative strand is replaced by the target due to the increased reaction rate of the 
target with the positive strand caused by the length difference in the two strands. The 
positive strand of the probe thus becomes fluorescent. With the presence of the 
complementary strand, the specificity of probe is enhanced. It has been shown that 
targets differing from one another by a single nucleotide could be distinguished using 
displacement hybridization probes (Li et al., 2002). This class of probes is simple to 
design and synthesize, has low cost, and is accessible to a wide range of labels. 
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Light-up probes are peptide nucleic acid (PNA) oligonucleotide that can also 
be used for hybridization assays (Svanvik et al., 2000). The probes are composed of 
thiazole orange (TO) dye conjugated to PNA. They have the excellent hybridization 
property of PNA, and can form stable PNA-DNA duplex with target DNA. Free 
probes have low fluorescence, while large fluorescence enhancement (up to 50 folds) 
of TO occurs upon hybridization of the probes to the complementary targets DNA. 
Hence, light-up probes were proposed suitable for homogeneous hybridization assays 
where separation of the bound and free probes is not necessary. 
TaqMan probes are 5’-terminally labeled with reporter fluorophore and 
internally or 3’-terminally attached with quencher (Heid et al., 1996). They are 
hybridization probes specially designed for PCR assays. The hydrolysis of the probes 
by the Taq DNA polymerase is required for signal generation. Intact probes do not 
fluoresce because the fluorescence is quenched. During the extension phase of the 
primers, the probe that is complementary to the amplicon sequence is bound to the 
single-strand PCR product. When the Taq DNA polymerase reaches the probe, the 
probe is sheered and endonucleolytically cut. The quencher is released, and the 
fluorophore fluoresces. As a result, quantification of the nucleic acid products can be 
achieved. However, TaqMan probes cannot be used for melting curve analyses, since 
their signal generation depends on the hydrolysis of the probe. 
2.4.3 Structured probes for hybridization 
2.4.3.1 Molecular beacons 
Molecular beacons are well-known structured DNA probes used in nucleic 
acid detection (Tyagi & Kramer, 1996). A molecular beacon is a dual-labeled 
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oligonucleotide probe that has a fluorescent reporter dye at one end and a 
fluorescence quencher at the opposite end (Figure 2.6A). Design of the probe allows a 
target-specific hybridization domain (the loop) to position centrally between two short 
sequences at both ends (the stems) (Tyagi et al., 1998). The stem sequences are 
complementary and can bind to each other. Unlike linear oligonucleotide probes, 
molecular beacons in solution have at least three distinct conformations: molecular 
beacon-target duplex (phase 1), stem-loop (phase 2) and random coil (phase 3) (Figure 
2.6B) (Bonnet et al., 1999). As the temperature is raised, the fluorescent probe-target 
duplex (phase 1) dissociates into a nonfluorescent molecular beacon in a closed 
conformation (phase 2). As the temperature is further raised, the stems of the 
molecular beacon unravel and the beacon becomes a randomly coiled oligonucleotide 
(phase 3). 
There are two types of designs for molecular beacons, conventional molecular 
beacon and shared-stem molecular beacon (Tsourkas et al., 2002). As shown in 
Figure 2.7, a conventional molecular beacon is designed with a target-binding domain 
flanked by two complementary stem domains. The stem sequences are independent of 
the target sequence, and do not participate target hybridization. In contrast, a shared-
stem molecular beacon has one stem sequence related to the target sequence. This 
stem participates in both stem formation and target hybridization when the beacon is 
closed and open, respectively. 





Figure 2.6 (A) The structure of a molecular beacon; (B) The three phases of a 
molecular beacon in solution. 
Figure 2.7 Alternative molecular beacon designs: conventional molecular beacon 
and shared-stem molecular beacon. 
2.4.3.1.1 Quantitative DNA detection using molecular beacons 
In the absence of target, the self-complementary stem domains anneal to form 
a hairpin structure in a unimolecular reaction (phase 2 in Figure 2.6B). This brings the 
reporter dye into close proximity with the quencher, causing quenching of 
fluorescence emission of the reporter dye by the quencher. As a result, the probe is 
nonfluorescent. Table 2.2 lists some commercially available combinations of reporter 
and quencher (http://www.idtdna.com/; http://www.biosearchtech.com/). In the 
presence of target molecules, the central loop domain will hybridize with the 




Quencher Reporter Dye 
Target 
Phase 1: 






Conventional Molecular Beacon 
Target 
Shared-stem Molecular Beacon 
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duplex forces the molecular beacon to unfold into a linear form (phase 1 in Figure 
2.6B). The reporter dye and the quencher are physically separated, and fluorescence 
emission of the reporter dye is restored. Hence, molecular beacons are able to rapidly 
report the presence of label-free targets in homogeneous solutions. There is no need to 
isolate probe-target hybrids from nonhybridized probes for quantification of target-
bound probes. 
Table 2.2 Commercially available reporter/quencher combinations. 
Reporter (5’-end) Quencher (3’-end) 
FAM BHQ-1 / BHQ-2 / Dabcyl / Iowa Black FQ 
TET BHQ-1 / BHQ-2 / Dabcyl/ Iowa Black FQ 
HEX BHQ-1 / BHQ-2 / Dabcyl/ Iowa Black FQ 
Cy3 BHQ-2 / Iowa Black RQ / Dabcyl 
Cy5 BHQ-2 / Iowa Black RQ 
Cy5.5 BHQ-2 
CAL Fluor Orange 560 Dabcyl 
Q-570 BHQ-2 
TAMRA BHQ-2 / Dabcyl 
ROX Dabcyl 
CAL Fluor Orange 610 Dabcyl 
Q670 BHQ-2 
 
Molecular beacons have high sensitivity for nucleic acid detection. The 
fluorescence of the probe can increase 100-fold on hybridization to PM target (Bonnet 
et al., 1999). Molecular beacons also have high specificity to recognize target 
sequence. The unimolecular hairpin reaction competes with the bimolecular probe-
target hybridization, and serves to reduce the relative stability of undesired imperfect 
or mismatch hybridization (Kostrikis et al., 1998; Marras et al., 1999; Dubertret et al., 
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2001). Studies (Bonnet et al., 1999; Frutos et al., 2002; Wang et al., 2002; Tsourkas 
et al., 2003; Ramachandran et al., 2004) have shown that molecular beacons were 
able to discriminate between targets that differ by a single nucleotide, but have not 
investigated the effect of variations in MM position and type on MM discrimination. 
2.4.3.1.2 Design of molecular beacons 
The advantages of low background noise and high specificity of molecular 
beacons can only be achieved with careful design of the probe. The reporter dye and 
the quencher have to be properly positioned with respect to each other to accomplish 
fluorescence quenching via FRET. The signal-to-background (S:B) ratio of molecular 
beacon is sensitive to its structural features, besides the quality of synthesis and 
purification (Tsourkas et al., 2003). The increase in fluorescence intensity upon 
hybridization for a molecular beacon can vary widely, from <10- to >200-fold (Tyagi 
& Kramer, 1996). Low S:B ratio may arise from high background due to hairpins with 
short and unstable stems that open up without binding to the target. Poor hybridization 
signal due to stems that are too long and too stable for the molecular beacon to 
hybridize effectively to the target can also cause low S:B ratio. 
Proper design of molecular beacon is also important for molecular beacons to 
achieve specificity. Tsourkas et al. (2003) reported that both probe and stem length 
had a significant impact on the binding specificity and hybridization kinetic rates of 
molecular beacons. Molecular beacons showed improved ability of target 
discrimination and reduced hybridization rate with increased stem length. With 
increased probe length, molecular beacons showed decreased dissociation constant, 
increased kinetic rate constant, and decreased specificity. Comparison between 
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conventional and shared-stem molecular beacons (Tsourkas et al., 2002) suggested 
that shared-stem molecular beacons formed more stable duplexes with targets, while 
conventional molecular beacons had higher discrimination specificity for targets. 
These findings provide important implications for the design of molecular beacons. 
Optimal performance of molecular beacons requires careful probe design. For 
example, high probe specificity is desired to distinguish SNP, while fast hybridization 
kinetics is important for studying transient RNA expression in living cells in real-time. 
Hence, design of molecular beacon has to be done by trial and error, making it an 
expensive and time-consuming step. 
2.4.3.2 Cyclicons 
Cyclicon probes (Kandimalla & Agrawal, 2000) were developed based on the 
concept of “pseudocyclic oligonucleotides” first proposed by Jiang et al. (1999). 
Cyclicons consist of two oligonucleotides linked to each other through 3’-3’ or 5’-5’ 
ends (Figure 2.8). One of the two oligonucleotides is the probe or primer-probe 
sequence that is complementary to the target nucleic acid. The other is the short 
modifier sequence that is complementary to one end of the probe segment. A 
fluorescence molecule and a quencher molecule are attached to the modifier segment 
and the probe segment, respectively. In the absence of the target nucleic acid, the 
probe segment and the modifier segment form an intramolecular cyclic structure. In 
the cyclic form, the fluorophore and the quencher are in close proximity to establish 
FRET. When the probe segment binds to the complementary sequence on target 
nucleic acid, the cyclic structure is destroyed and the fluorophore and quencher are 
separated far enough to disrupt FRET. This results in spontaneous fluorescence 
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emisson. So far, cyclicons have been used as primer-probes in real-time PCR 
experiments (Kandimalla & Agrawal, 2000). 
Figure 2.8 Structure of a cyclicon probe and the method of target detection. 
2.5 Hybridization techniques using oligonucleotide probes 
Hybridization techniques using oligonucleotide probes can be performed in 
solution and on solid phase. Polymerase chain reaction (PCR) is based on solution 
hybridization. It allows a target DNA sequence to be selectively amplified (Tijssen, 
1993). Two oligonucleotide sequences serve as primers, one complementary to one 
DNA strand at the beginning of the target region; and the other complementary to a 
sequence on the opposite DNA strand at the end of the target region. During PCR, 
DNA is denatured into single strands to allow the primers to hybridize to their 
complementary sequences on either side of the target sequence. DNA polymerase is 
used to extend a complementary DNA strand from each primer. As amplification 
proceeds, the amount of target sequence increases exponentially. Real-time PCR is 
based on the detection and quantitation of a fluorescent probe that can hybridize to the 
target sequence. The signal increases in direct proportion to the amount of PCR 
product in a reaction. Hence, by recording the amount of fluorescence emission at 
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Solid-phase hybridization allows detection of DNA/RNA by hybridizing the 
labeled probes to targets DNA immobilized on solid phase. Hybridization techniques 
using nitrocellulose membrane filter as supporting solid phase include Southern 
hybridization, Northern hybridization, spot (dot) hybridization, and colony 
hybridization. Southern hybridization is the hybridization of a labeled probe to filter 
bound DNA that is typically transferred from a gel (Southern, 1975). Northern 
hybridization is used to detect filter bound RNA (Alwine et al., 1979). Spot 
hybridization method is extended from the previous two methods, in which 
unfractionated nucleic acid is loaded on multisample vacuum manifolds (Kafatos et 
al., 1979). Samples (targets) are applied as narrow slots or round dots on a membrane 
and to react with the probes. Colony hybridization is used to screen clones containing 
a specific gene sequence (Grunstein & Hogness, 1975). 
More recently developed solid-phase hybridization techniques include DNA 
microarray hybridization and hybridization-on-beads. In DNA microarray 
hybridization, array of complementary DNA probes are attached directly to a glass 
slide (Southern et al., 1994) or a polyacrylamide gel pad (Vasiliskov et al., 1999). 
DNA microchip consists of a high-density matrix of hundreds or thousands of 
individual surface-immobilized probes. Hence, simultaneous hybridization of a large 
set of probes complementary to the corresponding rRNA genes can be performed, and 
used as a high-throughput format for sequence analysis (Service, 1998). In 
hybridization-on-beads, DNA probes are conjugated on beads of hundred micrometer 
scale that are queued in capillary (Kohara, 2003). Hybridization is performed by 
introducing sample into the capillary with flow. Through a dynamic DNA 
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hybridization reaction, rapid and effective reaction can be achieved at the solid-liquid 
interface. 
2.6 Mismatch discrimination using oligonucleotide probes 
Target detection using oligonucleotide probes ultimately relies on good 
discrimination of MM target from PM target. Wallace et al. (1981) demonstrated that 
sequence differences in a single-base change were sufficient to enable discrimination 
of short oligomers of 14-mer in the analysis of point mutations in the β–globin gene. 
However, the effect of a single-base MM on the overall duplex stability reduces with 
the length of oligomer of interest (Aboul-ela et al., 1985). A single-base MM duplex 
may result in difference in duplex melting temperature by as little as 0.5°C 
(Tibanyenda et al., 1984; Werntges et al., 1986). For longer oligonucleotide that 
permits identification of a complementary strand in a complex mixture, a single-base 
MM has very little effect on the duplex stability. The limited difference in the stability 
between a PM and a MM has been the primary limitation of probe hybridization to 
identify a specific sequence. 
2.6.1 Equilibrium dissociation approach 
Duplex DNA can reversibly dissociate into single strands. The melting 
temperature (θm) is an important parameter that indicates the equilibrium point at 
which half of the duplex molecules are denatured (Tijssen, 1993). Since equilibrium is 
reached, θm is time-independent but concentration-dependent. θm is an indication of 
the thermal stability of DNA duplex. In general, a PM duplex has higher θm than a 
similar duplex containing MM(s), because the former is thermodynamically more 
stable and hence more difficult to dissociate than the latter under the same conditions. 
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Therefore, the equilibrium dissociation approach has been widely used in target 
discrimination studies. Closely related sequences differing by one nucleotide are 
possible to be differentiated, by measuring θms of the probe-target duplexes and 
exploiting the differences in θm (∆θm) among the duplexes (Livak et al., 1995; Tyagi 
& Kramer, 1996). ∆θm represents the level of discrimination between the MM and 
PM duplexes, and greater ∆θm illustrates higher level of discrimination (Guo et al., 
1997). However, it was rarely defined how a ∆θm could be considered as significant 
for discrimination, except that Moreira et al. (2005) considered ∆θm beyond the error 
of measurements (standard deviation of data) as significant. 
Duplex dissociation is a process accompanied with energy change. As an 
indication of the thermal stability of DNA duplex, θm is used to study the 
thermodynamic parameters of DNA duplexes, i.e. enthalpy change (ΔH, in kcal/mol) 
and entropy change (ΔS, in cal/K per mol of interaction). ΔH and ΔS can be used to 
calculate the temperature-dependent standard free energy change (ΔG) of the DNA 
strands during dissociation. The relationship is given as ΔG = ΔH – Ta × ΔS, where Ta 
is the absolute temperature (Tijssen, 1993). Conversely, the thermodynamic 
parameters together with the free energy change can be used to predict θm (Fotin et al., 
1998; Bonnet et al., 1999; Tsourkas et al., 2002; Tsourkas et al., 2003), to understand 
the DNA strand behaviour with temperature, and to be used in optimizing probe 
design for target discrimination. 
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2.6.2 Effect of number, position and type of MMs on target discrimination 
The number, position and type of MMs are reported to play an important role 
in target discrimination. As the number of MMs increases, the potential loss of 
hydrogen bonds due to incorrect base pairing also increases, causing the duplex to 
become more unstable and easier to dissociate. In contrast, a single MM may only 
have very little effect on the duplex stability. Therefore, the discrimination is 
enhanced with increasing number of MMs, which has been shown by many studies 
(Ramachandran et al., 2004; Lockhart et al., 1996). 
The position of MMs was shown to have strong effect on duplex stability and 
target discrimination. Stahl and Amann (1991) suggested that MM at or near the 
terminal position of a short duplex was generally less destabilizing than the rest 
internally positioned MM, and was more difficult to discriminate. Further studies 
suggested that a short probe with a single MM in the middle could be easier to 
discriminate than a probe with a MM at other positions (Lockhart et al., 1996; 
Relogio et al., 2002). Guo et al. (1997) studied the effect of MM position on duplex 
stability in details by incorporating an artificial MM (universal nucleoside 3-
nitropyrrole) into each position of a 15-mer oligonucleotide probe at a time. Their 
data suggested that the destablizing effect and discrimination level gradually 
increased when the single artificial MM was positioned from both ends to the middle, 
with the maximum discrmination obtained at the centre position of the 
oligonucleotide. However, there is an all-or-none mechanism proposed by Cantor & 
Shimmel (1980) with different opinion. The all-or-none mechanism predicted that the 
position of a MM should have little effect on the stability of the probe-target duplex, 
as long as the MM was flanked on either side by at least one base pair. Bonnet et al. 
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(1999) reported the negligible effect of MM positions on θm (and hence Δθm) for a 
G/A MM from position 4 to 12 of a 15-mer oligonecleotide, which supported the all-
or-none mechanism. 
Studies on effect of MM positions have also been done for multiple MMs. The 
Study by Letowski et al. (2004) using probes containing multiple MMs showed that 
the most destablizing effect to the duplex was when MMs were positioned over the 
entire length of the molecule. When the same substituted nucleotides were grouped at 
the centre, the destablizing effect became smaller. The smallest destablizing effect 
was observed for probes with MMs located at either end of the molecule. This is in 
consistence with a recent study (He et al., 2005), showing that the probes containing 
evenly distributed MMs gave the best discrimination. 
The magnitude of destabilization was found to depend on the type of MM due 
to the varied stability of hydrogen bonds formed between different base pairs (Lee et 
al., 2004). The MM types included C/C, A/C, T/C, G/G, A/G, T/G, T/T, G/T, C/T, 
A/A, G/A and C/A MMs. It was shown that MM interactions involving G (i.e. G/T, 
G/A and G/G) were the most stable at room temperature, and duplex containing such 
MM interactions were the most difficult to be discriminated from perfect duplex. In 
comparison, MMs involving C (i.e. C/T, C/A and C/C) were the least stable and could 
be discriminated more easily (French et al., 2001). In summary, the combination of 
MM positions and types further complicate MM discrimination by oligonucleotide 
probes for real applications. So far there are no established rules to predict the exact 
degree of influence of MM position and type on duplex stability. 
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3 MATERIALS AND METHODOLOGY 
3.1 Oligonucleotide probes and target sets 
Two sets of probes and their corresponding targets were designed and used in 
the hybridization experiment. Set I (referred to as “Saeta set”) probes were designed 
based on the 16S rRNA of Methanosaeta concilli position 433 to 450 (Li et al., 2004). 
Melting temperatures of probes were estimated by an online software, mFold 
(http://www.idtdna.com/Scitools/Applications/mFold/). Set II (referred to as “MDR1 
set”) probes were designed based on the human multidrug resistance 1 (MDR1) gene 
anti-sense strand position corresponding to 3426 to 3443 of the sense strand excluding 
intronic region. The genomic DNA and mRNA sequences of the MDR1 multidrug 
transporter gene were retrieved from GeneBank (http://www.ncbi.nlm.nih.gov). 
Probes labeled with the respective dyes but without quencher were also constructed 
and used as control probes for MBs and QBs. All the oligonucleotide stock solutions 
were prepared at a concentration of 1000 μM in 0.5×TE buffer, and stored at -20°C 
prior to use. 
3.1.1 Saeta set 
Table 3.1 lists the probes and targets sequences of Saeta set. The 18-bp QP, 
QP_MX-BODIPY, was labeled with BODIPY-FL at 3’-end via an 
aminohexylphosphate linker with a 6 carbon spacer (QIAGEN). The MB probe, 
MX_MB-FAM (Integrated DNA Technologies, Inc.), shared the same probe sequence 
as QP_MX-BODIPY, and had partially shared stems with 6-FAM at the 5’-end and 
Dabcyl quencher at the 3’-end. A complete set of 55 18-bp unlabeled targets 
oligonucleotides including 1 PM target fully complementary to the probes and 54 
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other targets with all possible single MM types from position 1 to 18 was synthesized 
(MWG-Biotech AG, Singapore). 
3.1.2 MDR1 set 
Table 3.2 lists the probes and targets sequences of MDR1 set. The 18-bp QPs 
were labeled at the 3’-end with BODIPY-FL (via an aminohexylphosphate linker with 
a 6-carbon spacer), TAMRA, and 6-FAM, respectively (QIAGEN). The MB probe 
differed from the QPs in partial shared stem. It was further modified with 6-FAM and 
Dabcyl at the 5’-end and 3’-end, respectively (QIAGEN). The QBs had the same 
probe and stem sequences as the MB (QIAGEN). They were modified at the 5’-end 
with the same fluorophores as described above for the QPs. The target set included 1 
PM target fully complementary to the probes and 54 other targets with all possible 







  Chapter 3  Materials and Methodology 
 33
Table 3.1 The design of probe/target oligonucletotides of Saeta set 
Name Sequence (5’→ 3’) Notes 
Probe   





Target   
MX433_PM GCATCTCGACAGCCAGAT PM 
MX_1cc(1ac,1tc) c c(a,t)CATCTCGACAGCCAGAT 1 MM 
MX_2ag(2tg,2gg) Ga(t,g)ATCTCGACAGCCAGAT 1 MM 
MX_3gt(3ct,3tt) GCg(c,t)TCTCGACAGCCAGAT 1 MM 
MX_4aa(4ga,4ca) GCAa(g,c)CTCGACAGCCAGAT 1 MM 
MX_5gg(5ag,5tg) GCATg(a,t)TCGACAGCCAGAT 1 MM 
MX_6aa(6ga,6ca) GCATCa(g,c)CGACAGCCAGAT 1 MM 
MX_7gg(7ag,7tg) GCATCTg(a,t)GACAGCCAGAT 1 MM 
MX_8cc(8ac,8tc) GCATCTCc(a,t)ACAGCCAGAT 1 MM 
MX_9tt(9gt,9ct) GCATCTCGt(g,c)CAGCCAGAT 1 MM 
MX_10gg(10ag,10tg) GCATCTCGAg(a,t)AGCCAGAT 1 MM 
MX_11tt(11gt,11ct) GCATCTCGACt(g,c)GCCAGAT 1 MM 
MX_12cc(12ac,12tc) GCATCTCGACAc(a,t)CCAGAT 1 MM 
MX_13gg(13ag,13tg) GCATCTCGACAGg(a,t)CAGAT 1 MM 
MX_14gg(14ag,14tg) GCATCTCGACAGCg(a,t)AGAT 1 MM 
MX_15tt(15gt,15ct) GCATCTCGACAGCCt(g,c)GAT 1 MM 
MX_16cc(16ac,16tc) GCATCTCGACAGCCAc(a,t)AT 1 MM 
MX_17tt(17gt,17ct) GCATCTCGACAGCCAGt(g,c)T 1 MM 
MX_18aa(18ga,18ca) GCATCTCGACAGCCAGAa(g,c) 1 MM 
a Quenching probe. 
b Molecular beacon. Underscore, probe target hybridizing domain. Bold, bases added to create stem 
domains. Bold and underscored, target binding site within the stem. 
c Targets. Lower case bold, mismatch base. All are single mismatches. 
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Table 3.2 The design of probe/target oligonucletotides of MDR1 set 
Name Sequence (5’→ 3’) Notes 
Probe   
QP3435G-BODIPY a GCCCTCACGATCTCTTCC-AmC6+BODIPY-FL Probe 18 
QP3435G-TAMRA a GCCCTCACGATCTCTTCC-TAMRA Probe 18 
QP3435G-FAM a GCCCTCACGATCTCTTCC-FAM Probe 18 
















Target   
3435Targ_PM GGAAGAGATCGTGAGGGC PM 
3435Targ_1cc(1ac,1tc) d c(a,t)GAAGAGATCGTGAGGGC 1 MM 
3435Targ_2cc(2ac,2tc) Gc(a,t)AAGAGATCGTGAGGGC 1 MM 
3435Targ_3tt(3gt,3ct) GGt(g,c)AGAGATCGTGAGGGC 1 MM 
3435Targ_4tt(4gt,4ct) GGAt(g,c)GAGATCGTGAGGGC 1 MM 
3435Targ_5cc(5ac,5tc) GGAAc(a,t)AGATCGTGAGGGC 1 MM 
3435Targ6tt(6gt,6ct) GGAAGt(g,c)GATCGTGAGGGC 1 MM 
3435Targ_7cc(7ac,7tc) GGAAGAc(a,t)ATCGTGAGGGC 1 MM 
3435Targ_8tt(8gt,8ct) GGAAGAGt(g,c)TCGTGAGGGC 1 MM 
3435Targ_9aa(9ga,9ca) GGAAGAGAa(g,c)CGTGAGGGC 1 MM 
3435Targ_10gg(10ag,10tg) GGAAGAGATg(a,t)GTGAGGGC 1 MM 
3435Targ_11cc(11ac,11tc) GGAAGAGATCc(a,t)TGAGGGC 1 MM 
3435Targ_12aa(12ga,12ca) GGAAGAGATCGa(g,c)GAGGGC 1 MM 
3435Targ_13cc(13ac,13tc) GGAAGAGATCGTc(a,t)AGGGC 1 MM 
3435Targ_14tt(14gt,14ct) GGAAGAGATCGTGt(g,c)GGGC 1 MM 
3435Targ_15cc(15ac,15tc) GGAAGAGATCGTGAc(a,t)GGC 1 MM 
3435Targ_16cc(16ac,16tc) GGAAGAGATCGTGAGc(a,t)GC 1 MM 
3435Targ_17cc(17ac,17tc) GGAAGAGATCGTGAGGc(a,t)C 1 MM 
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3435Targ_18gg(18ag,18tg) GGAAGAGATCGTGAGGGg(a,t) 1 MM 
a Quenching probe. 
b Molecular beacon. Underscore, probe target hybridizing domain. Bold, bases added to create stem 
domains. Bold and underscored, target binding site within the stem. 
c Quenching beacon. Expression style same as b. 
d Targets. Lower case bold, mismatch base. All are single mismatches. 
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3.2 Hybridization and acquisition of equilibrium melting curve 
Hybridization reactions were performed in a 96-well microtiter plate (Figure 
3.1). 1 μM of each probe was mixed with 5 μM of individual target in a reaction 
volume of 50 μl per well. The buffer contained 4 mM MgCl2, 50 mM KCl, and 10 
mM Tris-HCl pH 8 (Marras et al., 2002). Control group was present in the same well 
plate to correct the variation of fluorophores with respect to temperature. For linear 
QP, the probe without the presence of a target was used as control. For MB and QB, 
probes attached with respective dyes but without Dabcyl were used as control. The 
structured probe in the absence of a target was also prepared for the measurement of 
background fluorescence. A series of experiments were further performed for the 
MBs and QBs by varying the target concentration from 5 μM to 100 μM for 
thermodynamic analysis (see section 3.5.2). All experiments were repeated three 
times. 
The fluorescence intensity of the reaction mixtures was measured using a 
spectrofluorometric thermal cycler (i-cycler, Bio-Rad Laboratories) (Figure 3.2). The 
temperature was initially held at 90°C for 10 min, and then gradually decreased to 
15°C at a rate of 2.5°C/15 min. The temperature was then raised from 15°C back to 
90°C at the same rate to assure that equilibrium had been reached (Bonnet et al., 
1999). The dissociation profile for each probe-target duplex was obtained by 
measuring the fluorescence intensity at each temperature step from 15°C to 90°C at 
2.5°C increment. 
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The fluorescence intensity of the control group was measured as a function of 
temperature. The data were used to correct the thermal dissociation profiles so that the 
adjusted fluorescence intensities were independent of the intrinsic temperature 
dependency of fluorescence emission. A normalization step was performed 
subsequently to obtain melting curves. For duplex formed by linear QP, data were 
normalized using the following equation: 










−−  ( 3.1 )
where FT is the fluorescence intensity at each corresponding temperature, Fmax 
is the maximum fluorescence intensity, and Fmin is the minimum fluorescence 
intensity. Equation ( 3.1 ) was based on the observation that fluorescence intensity of 
quenching probes increased with the dissociation of QP-target duplexes. θm is defined 
as the temperature when fraction of duplex is equal to 0.5. 
For duplex formed by the structured MB or QB, the background fluorescence 
was subtracted from the data at each corresponding temperature. The resulting 
background-subtracted profile was then normalized by equation ( 3.2 ): 











where F'T is the background-subtracted fluorescence intensity at each 
corresponding temperature, and F'max and F'min are the background-subtracted 
maximum and minimum fluorescence intensity, respectively. 
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Figure 3.1 The 96-well microtiter plate used for hybridization. 
 
Figure 3.2 The spectrofluorometric thermal cycler (i-cycler, Bio-Rad Laboratories) 
for the measurement of fluorescence of the hybridization assays as a function of 
temperature. 
3.3 Calculation of fluorescence quenching efficiency and S:B ratio 
Fluorescence quenching efficiency of the QPs was obtained by equation ( 3.3 ): 
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where Fb and Fa are the adjusted fluorescence intensity of the mixture before 
(90°C) and after (15°C) hybridization, respectively. By replacing Fa with FT, the 
equation becomes as the signal-to-background (S:B) raio of QP. 
Quenching efficiency of the MBs and QBs was obtained by equation ( 3.4 ): 
Quenching efficiency of MB or QB = γ
βγ −  ( 3.4 )
where β and γ are the characteristic fluorescence intensities of the probes in 
phase 2 (closed hairpin) and phase 3 (random coils). They were taken as the adjusted 
fluorescence intensity of MB or QB in the absence of target at 15°C and 90°C, 
respectively. 
The change (usually increase) in fluorescence intensity of DNA probes upon 
hybridization was expressed as S:B ratio (Tsourkas et al., 2003). For QPs, S:B ratio 
was essentially a similar measure as quenching efficiency, because they were both 
obtained by comparing the fluorescence intensity of probes before and after 
hybridization. Therefore, S:B ratios were obtained for structured probes only by 
equation ( 3.5 ): 







where FT and fT are the fluorescence intensities of MB or QB in the presence 
of and in the absence of target at each corresponding temperature, respectively. 
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3.4 Statistical analysis 
θms and ∆θms of different probes were statistically compared using paired t-
test to determine whether they differed significantly from each other (Montgomery & 
Runger, 2003). Analysis of variance (ANOVA) was performed to evaluate the effect 
of fluorescent dye, MM position and type on MM discrimination (Δθm). When p-
value was less than the confidence level, the differences caused by the factor(s) were 
significant. All statistical analysis was done using the software MINITAB. 
3.5 Equilibrium analysis 
MBs together with their targets in solution usually have at least three distinct 
conformations: MB-target duplex (phase 1), free of target in the form of stem-loop 
hairpin (phase 2), and free of target in the form of a random coil (phase 3) (Figure 
2.6). According to Bonnet et al. (1999), equilibrium could be described by equation 
( 3.6 ): 
TBTΒΒΤ open
      
closed




( 3.6 ) 
where BT is the probe-target duplex, Bclosed is the MB in the form of a hairpin, 
Bopen is the MB in the form of a random coil, T is the free target, and K12, K23 are the 
equilibrium constant for the two reactions shown, respectively. The fluorescence of 
the solution at a given temperature, F, is the sum of the fluorescence of the molecular 
beacons in each of the three states: 











[BT] γβα ++=F  ( 3.7 )
where α, β, and γ are the characteristic fluorescence intensities of the MB in 
each state, respectively, and B0 is the total concentration of the MB in solution: 
][B][BT][BB openclosed0 ++=  ( 3.8 )
The equilibrium constant K23 characterizing the transition between stem-loop 





23 =K  
( 3.9 )
The equilibrium constant corresponding to the dissociation of the MB-target 




12 =K  
( 3.10 )
If the total concentration of target, T0, is much greater than the total 
concentration of MB, B0, as is the case in the experiments, T0 can be substituted for T 
in ( 3.10 ), and the equation becomes as: 
[BT]
]][T[B 0closed
12 =K  
( 3.11 )
By combining ( 3.8 ), ( 3.9 ) and ( 3.11 ), the fraction of MB as a function of 
temperature in each state can be expressed as a function of K12 and K23 as follows: 






























Substituting ( 3.12 ), ( 3.13 ) and ( 3.14 ) into ( 3.7 ), the fluorescence intensity 
of a solution of MB in equilibrium with its target can be fully described by equation 








++= γβα  ( 3.15 )
3.5.1 Thermodynamic measurements of molecular beacon hairpin to random 
coil transition 
Enthalpy (ΔH23, in kJ/mol) and entropy (ΔS23, in J/mol K) are two important 
thermodynamic parameters describing the transition from a stem-loop structure (phase 
2) to a random coil (phase 3). They were determined by analyzing the fluorescence 
data obtained from the thermal dissociation profile of MB at a concentration of of 1 
μM incubated in the absence of a target. By assuming that T0 is equal to 0 in equation 












where F is the fluorescence intensity at a given temperature, β is the 
characteristic fluorescence intensity of the MB in the form of a hairpin which is 
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obtained from the fluorescence measured at 15°C, and γ is the characteristic 
fluorescence intensity of the MB in the form of a random coil obtained at 90°C. 
The relationship between the free energy change, ΔG, and equilibrium 
constant can be described as: 
SHKRG Δ−Δ=−=Δ θθθ )(ln  ( 3.17 )
where R is the gas constant (R = 8.3145 J/mol K), and θ is the temperature in 
Kelvin. By substituting equation ( 3.16 ) into equation ( 3.17 ), the relationship 











β  ( 3.18 )
where –ΔH23 is the slope and ΔS23 is the intercept. This assumed that the 
enthalpy and entropy did not vary with temperature between the stem-loop 
conformation and the random coil state (Cantor & Shimmel, 1980). 
3.5.2 Thermodynamic measurements of dissociation of molecular beacon-target 
duplexes 
Thermodynamic parameters ΔH12 (in kJ/mol) and ΔS12 (in J/mol K) describe 
the dissociation of a MB-target duplex (phase 1) into a free target and a MB in the 
form of a hairpin (phase 2). They were determined by analyzing the fluorescence 
intensity data obtained from the thermal dissociation profiles of MB at a concentration 
of 1 µM incubated with target oligonucleotide at six different concentrations ranging 
from 5 µM to 100 µM. The analysis was based on the determination of the melting 
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temperature, θm, of the probe-target duplexes at each target concentration. By 
definition, half of the duplexes are dissociated at θm, hence [Bclosed] = [BT], and the 





][T][B −===K  ( 3.19 )
The above equation ( 3.19 ) and the θm data can be substituted into free energy 




Δ+Δ−=− θ  
( 3.20 )
where –ΔH12 is the slope and ΔS12 is the intercept. 
From equations ( 3.18 ) and ( 3.20 ), ΔH23, ΔS23, ΔH12, and ΔS12 could be 
obtained, respectively, and subsequently be used to construct a diagram showing free 
energy for these three phases of MBs in equilibrium with their targets, where 
0G3 =Δ  
32323232 SHGGG →→→ Δ+Δ−=Δ−Δ=Δ θ  
)ln()( 021322132213231 TRSSHHGGGG −Δ+Δ+Δ+Δ−=Δ−Δ−Δ=Δ →→→→→→ θ
( 3.21 ) 
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4 RESULTS 
4.1 Fluorescence quenching of quenching probes, molecular 
beacons and quenching beacons 
Figure 4.1 showed the normalized fluorescence with respect to temperature for 
all QPs after hybridization with their PM targets. All fluorescence intensities were 
normalized to 1. QP3435G-FAM and QP3435G-BODIPY were observed to have the 
highest and lowest initial fluorescence intensity, respectively. This indicated that 
fluorescence quenching of QP3435G-FAM and QP3435G-BODIPY were the lowest 


























Figure 4.1 Normalized fluorescence intensities with respect to temperature for 
quenching probes of both Saeta set and MDR1 set after the hybridization with 
corresponding PM target. 
Figure 4.2 showed the normalized background fluorescence intensities of the 
structured probes with respect to temperature. Like MBs in the absence of target, the 
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QBs formed closed structure (phase 2) at low temperature (<50°C in this case). At this 
stage the dye was in close proximity to the Gs in the stem, resulting in a low 
fluorescence intensity. Further increase in temperature led to the separation of the 
stems, and the restoration of fluorescence emission (phase 3). QB3435G-FAM and 
MB_MX-FAM were observed to have the highest and lowest initial fluorescence 




























Figure 4.2 Normalized background fluorescence intensities with respect to 
temperature for the molecular beacons and quenching beacons of both Saeta set and 
MDR1 set. 
The quenching efficiencies of all the probes were summarized in Table 4.1. 
Among those four QPs labeled with three different types of fluorophores, BODIPY 
FL-labeled QPs gave the highest quenching efficiency (88% and 74%), followed by 
TAMRA-labeled QP (65%) and 6-FAM-labeled QP (42%). The results suggested that 
6-FAM was not a good choice of dyes to be used in QP due to its relatively poor 
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quenching efficiency. With BODIPY FL both labeled at the 3’-end, QP3435G-
BODIPY exhibited a higher quenching efficiency (88%) than QP_MX-BODIPY 
(74%). It was also observed that the fluorescence quenching efficiencies of all QPs 
were significantly impaired (<50%) when the fluorophore was in close proximity with 
the MM at positions 1 and 2 from the 5’-end of the target. For example, the quenching 
efficiency dropped to as low as 28% for QP_MX-BODIPY and as low as 5% for 
QP3435G-FAM when MM was present in the target at these two positions. This was 
due to the extremely low ability to quench fluorescence by nucleotide other than G at 
position 1, and less stable base pairing at at position 2. 
Table 4.1 Quenching efficiencies of the quenching probes, molecular beacons and 
quenching beacons used 
 Probe name Modified dye Quenching efficiency 
QP_MX-BODIPY BODIPY FL 74% 
QP3435G-BODIPY BODIPY FL 88% 
QP3435G-TAMRA TAMRA 65% 
Quenching 
probe 
QP3435G-FAM FAM 42% 
MB_MX-FAM FAM 99.9% Molecular 
beacon MB3435G-FAM FAM 90% 
QB3435G-BODIPY BODIPY FL 81% 
QB3435G-TAMRA TAMRA 74% 
Quenching 
beacon 
QB3435G-FAM FAM 23% 
 
Among the five structured probes, MB_MX-FAM of Saeta set exhibited the 
highest quenching efficiency (99.9%), followed by MB3435G-FAM (90%), 
QB3435G-BODIPY (81%), QB3435G-TAMRA (74%), and QB3435G-FAM (23%). 
For QB3435G-FAM, its undesirably low quenching efficiency suggested that it was 
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not suitable to be used in target detection. The trend of quenching efficiencies of the 
structured probes labeled with BODIPY FL, TAMRA and 6-FAM was consistent with 
that of QPs with the same dyes. 
Comparisons were further made between quenching efficiencies of different 
types of probes with the same probe sequence and fluorescent dye. QB3435G-FAM 
(23%) had a lower quenching efficiency than MB3435G-FAM (90%). This suggested 
that the fluorescence quenching by Gs in the stem of QB upon stem-stem 
hybridization was not as efficient as the fluorescence quenching by the Dabcyl 
quencher. Though QPs and QBs both made use of fluorescence quenching by Gs in 
their probe design, quenching efficiencies of QB3435G- BODIPY (81%) and 
QB3435G-FAM (23%) were lower than QP3435G-BODIPY (88%) and QP3435G-
FAM (42%), respectively. This could be explained by the fact that the stem-stem 
hybrids of QBs were not as stable as the QP-target hybrids due to the much shorter 
length. However, quenching efficiency of QB3435G-TAMRA (74%) was higher than 
QP3435G-TAMRA (65%). The reason remained unknown. 
4.2 S:B ratio of molecular beacons and quenching beacons 
Figure 4.3 showed the change in S:B ratio with respect to temperature when 
MB_MX-FAM was hybridized with 5-fold excess of PM or MM targets. Upon 
hybridization with the PM target, an S:B ratio of over 250-fold was observed at 10°C, 
and gradually decreased to 1 at 80°C where the signal was close to the background. 
S:B ratios of the MM duplexes were 11% lower than that of the PM duplex upon 
hybridization at 10°C, and they decreased to 1 at lower temperature (70°C) than the 
PM duplex. 




















Figure 4.3 S:B ratios of Saeta set MB_MX-FAM hybridized with PM and selected 
MM targets ([MB] = 1 µM, [target] = 5 µM).  
Figure 4.4 showed the change in S:B ratio with respect to temperature when 
MDR1 set MB and QBs were hybridized with 5-fold excess of target. MB3435G-
FAM showed the highest S:B ratio of 24-fold upon hybridization with PM target, 
which gradually decreased to close to 1 when the temperature reached 80°C. The 
initial S:B ratios of the MM duplexes upon hybridization were 37% lower and 
decreased to 1 at temperature 10°C lower than the PM duplex. QB3435G-BODIPY 
had an initial S:B ratio of 4.8-fold upon hybridization with PM target, which dropped 
11% upon hybridization with MM targets. QB3435G-TAMRA had an initial S:B ratio 
of 3-fold upon hybridization with PM target, which remained comparable for one of 
the MM targets but dropped 9% for the rest MM targets. QB3435G-FAM had an 
initial S:B ratio of 1.4-fold upon hybridization with PM target, which dropped 10% 
upon hybridization with MM targets. S:B ratios of all the QB PM duplexes decreased 
to 1 at 72.5°C, which was 0 to 7.5°C higher than the MM duplexes shown. Upon 
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hybridization, MB3435G-FAM had higher S:B ratio for PM duplex and greater 
percentage distinction between S:B ratios of PM duplex and MM duplexes than the 
QBs. The poor S:B ratios of the QBs upon hybridization, especially QB3435G-FAM, 


































































Figure 4.4 S:B ratios of MDR1 set MB and QBs hybridized with PM and selected 
MM targets. (A) MB3435G-FAM (B) QB3435G-BODIPY (C) QB3435G-TAMRA 
(D) QB3435G-FAM ([MB] or [QB] = 1 µM, [target] = 5 µM) 
D
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4.3 Equilibrium melting curve analysis and θm 
Figure 4.5 showed the equilibrium melting curves for MB_MX-FAM of Saeta 
set after hybridized with PM target and target with a single MM at position 10 from 
the 5’-end. θm of the PM duplex was 14.36°C higher than that of the MM duplex. This 
difference in θms (Δθm) was used to evaluate the MM discrimination in section 4.4. 
Melting curves were obtained for hybrids formed by all probes except QP3435G-
FAM and QB3435G-FAM, due to their poor quenching efficiencies and extremely 
low S:B raios upon hybridization. Also, melting curves and θms were not obtained for 
QP hybrids with MM at positions 1 (the quenching site) and 2 from the 5’-end of the 
target, due to the low quenching efficiency of fluorescence. The average θms obtained 
from the melting curves were shown in Figure 4.6 for both probe sets. 
 
Figure 4.5 Melting curve for molecular beacon MB_MX-FAM hybridizing to PM 


















































































































































































































































































































































































































































































































































































































































































Figure 4.6 Melting temperatures (θm) for the quenching probes, molecular beacons and quenching beacons hybridizing to PM and all the 
single-nucleotide MM targets. (A) Saeta set QP and MB (B) MDR1 set QPs and MB (C) MDR1 set QBs. All data shown were for sample 
containing 1 µM probe and 5 µM target. 
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Paired t-test showed that θms of QP_MX-BODIPY were significantly higher 
than MB_MX-FAM (p = 2.98×10-22) for Saeta set. For MDR1 set, significant 
differences were observed among θms of the probes (p ranged from 1.21×10-22 to 
8.31×10-12), except θms of QP3435G-BODIPY and QP3435G-TAMRA (p = 0.715). 
θms of QP3435G-BODIPY and QP3435G-TAMRA were the highest, followed by 
MB3435G-FAM, QB3435G-TAMRA and QB3435G-BODIPY. The rank also 
suggested that QP-target duplex had the highest stability and QB-target duplex had 
the lowest stability among all the probe-target duplexes. 
4.4 Δθm and MM discriminations 
4.4.1 Summary of Δθms 
Figure 4.7 showed the distribution of Δθms for Saeta set probes with respect to 
different MM types at all positions. The MM position was defined as the position 
from the 5’-end of the target. Δθms at position 1 and 2 were not available for all the 
QPs. In total there were 12 different MM types. The MM types occurring at the same 
position were given a same color code for distinction. The standard deviations of 
Δθms obtained from all probes were within ±1.6°C, which denoted the range of 
measurement error. A stringent value of 2°C was chosen and Δθm beyond 2°C was 
considered significant. For QP_MX-BODIPY (Figure 4.7A), Δθms equal or below 
2°C were observed for all MMs at terminal position 18, MM types of T/T and C/T at 
position 17, and MM type of G/A at position 4. For MB_MX-FAM (Figure 4.7B), 
Δθms equal or below 2°C were only observed for MM types of G/A and A/A at 
position 18. QP_MX-BODIPY had the lowest Δθm of 0.6°C and the highest Δθm of 
12.7°C, and MB_MX-FAM had the lowest Δθm of 1.6°C and highest Δθm of 22.6°C. 
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The lowest Δθms of both probes occurred for MM type of G/A at position 18 (3’-end), 
and the highest Δθms of both probes occurred for MM type of C/C at position 12. 
Figure 4.8 showed the distribution of Δθms for MDR1 set probes with respect 
to different MM types at all positions. QP3435G-BODIPY had the lowest Δθm of 
2.7°C for MM type of G/T at position 3, and the highest Δθm of 13.6°C for MM type 
of C/C at position 11 (Figure 4.8A). QP3435G-TAMRA had the lowest Δθm of 3°C 
for the same MM as QP3435G-BODIPY, and the highest Δθm of 14.4°C for MM type 
of A/C at position 5 (Figure 4.8B). MB3435G-FAM had the lowest Δθm of 2.1°C for 
MM type of A/C at position 1, and the highest Δθm of 13.1°C for MM type of C/C at 
position 11 (Figure 4.8C). All Δθms of the above three probes were greater than 2°C. 
For QB3435G-BODIPY (Figure 4.8D), Δθms equal or below 2°C were observed for 
all MM types at positions 1 and 2, and MM type of G/T at position 3, 4, 6 and 8. The 
lowest Δθm was 0.8°C for MM type of T/C at position 1, and the highest Δθm was 
7.8°C for MM type of C/C at position 11. For QB3435G-TAMRA (Figure 4.8E), 
Δθms equal or below 2°C were observed for all MM types at positions 1 and 2, MM 
types of T/T and G/T at position 3, MM type of G/T at positions 4, 6 and 8, G/A at 
position 12, and A/G at position 18. The lowest Δθm was 0.4°C for MM type of T/C at 
position 1, and the highest Δθm was 11.7°C for MM type of C/C at position 11. It was 
observed that the highest Δθms of all the probes occurred for MM type of C/C at 
position 11 except QP3435G-TAMRA, and the lowest Δθms of all the structured 
probes occurred at position 1 (5’-end). 
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There were some common observations between Figure 4.7 and Figure 4.8. 
The lowest Δθm occurred at termini for all probes except QP3435G-BODIPY and 
QP3435G-TAMRA with data not available at position 1. The highest Δθm occurred 
for MM type of C/C at positions near the centre for all probes except QP3435-
TAMRA. At a given position with MM involving T (blue color) or A (pink color), the 
lowest Δθm was always obtained for G/T MM (blue circle) and G/A MM (pink circle) 
respectively, while the highest Δθm was always obtained for the C/T MM (blue 
triangle) and C/A MM (pink triangle) respectively. 
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Figure 4.7 Δθm of each MM type at each position from the 5’-end of the target 
obtained for Saeta set (A) QP_MX-BODIPY (B) MB_MX-FAM. Standard deviations 
were not shown for clarity. 
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Figure 4.8 Δθm of each MM type at each position from the 5’-end of the target 
obtained for MDR1 set (A) QP3435G-BODIPY (B) QP3435G-TAMRA (C) 
MB3435G-FAM (D) QB3435G- BODIPY (E) QB3435G-TAMRA. Standard 
deviations were not shown for clarity. 
4.4.2 Paired t-test for Δθms of all probes 
Paired t-test showed that Δθms of MB_MX-FAM were 4.98°C higher than 
those of QP_MX-BODIPY (p = 3.76×10-21) for Saeta set, suggesting that MB_MX-
FAM could discriminate MM better than QP_MX-BODIPY. For MDR1 set, Δθms of 
QB3435G-BODIPY and QB3435G-TAMRA were 3.25°C and 2.10°C lower than 
those of MB3435G-FAM, respectively (p = 2.28×10-21 and 1.14×10-26, respectively). 
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Between the QPs, Δθms of QP3435G-BODIPY were marginally higher (0.56°C) than 
those of QP3435G-TAMRA (p = 0.007). Between the QBs, Δθms of QB3435G-
TAMRA were 1.15°C higher than those of QB3435G-BODIPY (p = 4.72×10-6). No 
significant difference in Δθms was observed between the QPs and MB3435G-FAM (p 
= 0.010 and 0.831, respectively). Δθms of QP3435G-BODIPY was the highest, 
followed by QP3435G-TAMRA, MB3435G-FAM, QB3435G-TAMRA and 
QB3435G-BODIPY. This rank reflected the relative ability of these probes to 
discriminate single MM, from high to low. 
4.5 Analysis of Variance (ANOVA) for MM discrimination 
4.5.1 Effect of fluorescent dyes on MM discrimination 
Table 4.2 showed the ANOVA for the Δθm obtained from QP3435G and 
QB3435G labeled with different dyes. Results suggested that fluorescent dye had a 
significant effect on Δθm (p < 0.01). Significant increase in Δθm of QB was observed 
when fluorescent dye was changed from BODIPY FL to TAMRA. 
Table 4.2 ANOVA for Δθm of (A) QP3435G with different fluorescent dyes (B) 
QB3435G with different fluorescent dyes. 
(A) N Mean StDev SE Mean p-value 
QP3435G-BODIPY 48 7.57789 2.89332 0.41762  
QP3435G-TAMRA 48 7.01776 2.60887 0.37656  
Difference 48 0.560131 1.365518 0.197096 0.0070 
(B) N Mean StDev SE Mean p -value 
QB3435G-BODIPY 54 3.36752 1.40874 0.19171  
QB3435G-TAMRA 54 4.51435 2.76893 0.37680  
Difference 54 -1.14683 1.65349 0.22501 4.72E-6 
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4.5.2 Effects of MM position and type on MM discrimination 
Table 4.3 indicated the effect of MM position and type on Δθms obtained from 
Saeta set as evaluated by two-way ANOVA. There were in total 18 different MM 
positions and 12 different MM types. These MM types included C/C, A/C, T/C, G/G, 
A/G, T/G, T/T, G/T, C/T, A/A, G/A and C/A MMs. Results suggested that MM 
position had a significant effect on Δθm (p < 0.01), but MM type did not (p > 0.1). 
Table 4.3 ANOVA results for Δθm of Saeta set with factors of MM position and 
MM type 
Type III Sums of Squares 
Source Sum of squares Df Mean Square F-Ratio P-Value 
MM Position 1271.08 17 74.7692 5.14 3.68E-16 
MM type 207.08 36 5.75223 0.40 0.9977 
Residual 698.219 48 14.5462   
Total (Corrected) 2176.38 101    
 
Table 4.4 indicated the result of two-way ANOVA for Δθms obtained from the 
MDR1 set. Both MM position and MM type were found to have significant effects on 
Δθm (p < 0.01). 
Table 4.4 ANOVA results for Δθm of MDR1 set with factors of MM position and 
MM type 
Type III Sums of Squares 
Source Sum of squares Df Mean Square F-Ratio P-Value 
MM Position 1107.5 17 65.1473 16.20 2.01E-18 
MM type 349.944 36 9.72067 2.42 0.0001 
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Residual 820.339 204 4.02127   
Total (Corrected) 2277.79 257    
 
Figure 4.9 showed the mean Δθm with respect to MM position for Saeta set 
and MDR1 set. For Saeta set (Figure 4.9A), dependency of Δθm on MM type was only 
observed for MM types of C/C, A/C and T/C at positions 8 and 12. With the same 
MM type, the mean Δθms at positions 8 and 12 were not significantly different and 
both distinctively higher than mean Δθms at the remaining positions. Dependency of 
Δθm on MM position was observed for nearly all MM types. For example, with MM 
types of C/C, A/C and T/C, mean Δθms at positions 8 and 12 were higher than mean 
Δθms at positions 1 and 16. The mean Δθms of MM types of T/T, G/T and C/T at 
positions 3, 9, 11, 15 and 17 had a trend that increased from both ends to the centre 
(position 9). However, overally there was no clear trend of increase or decrease for 
mean Δθms from position1 to 18. 
For MDR1 set (Figure 4.9B), dependency of Δθm on MM type was observed 
for MM types of C/C, A/C and T/C at positions 5, 7, 11 and 13. The mean Δθms at 
these positions were not significantly different and distinctively higher than mean 
Δθms at the rest positions. The mean Δθms of MM types of C/C, A/C and T/C at 
positions 15 and 16 were lower than the above-mentioned four positions, but still 
higher than mean Δθms at the rest positions. Dependency of Δθm on MM position was 
more clearly seen for MDR1 set. Except positions 5, 7, 11, 13, 15 and 16 with MM 
types of C/C, T/C and A/C, mean Δθms at the rest positions had a clear trend of 
increase from both ends to the centre positions 9 and 10. Data suggested that MM 
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types of C/C, T/C and A/C could significantly affect Δθm when the MM was located 
within position 5 to 13 of an 18-mer oligonucleotide. In this circumstance, the effect 
of MM position on Δθm was not observed. However, when MM types of C/C, T/C and 
A/C was located at the terminal position 1 and position 2 near terminus, MM position 
was observed to significantly affected Δθm. 




Figure 4.9 Means and 99% least significant difference (LSD) intervals of Δθm for (A) 
Saeta set (B) MDR1 set 
4.6 Thermodynamic analysis 
4.6.1 Thermodynamic analysis for Saeta set 
Figure 4.10A showed the determination of ΔH23 and ΔS23 during the transition 
from phase 2 to phase 3 of MB_MX-FAM at a concentration of 1 µM. ΔH23 and ΔS23 
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were observed to be 210.2 kJ/mol and 602.8 J/mol K, respectively. Figure 4.10B 
showed the determination of ΔH12 and ΔS12 during the transition from phase 1 to 
phase 2. For the dissociation of PM duplex, ΔH12 and ΔS12 were 472.2 kJ/mol and 
1269.4 J/mol K, respectively. Two MM targets, MX_12cc (MM of the greatest 
discrimination) and MX_18ga (MM of the least discrimination), were shown as 
examples for the dissociation of MM duplexes. For the dissociation of probe-
MX_12cc duplex, ΔH12 and ΔS12 were 324.2 kJ/mol and 903.5 J/mol K, respectively. 
For the dissociation of probe-MX_18ga duplex, ΔH12 and ΔS12 were 363.4 kJ/mol and 
956.0 J/mol K, respectively. It could be observed that the MM of 12C/C caused a 
larger decrease in enthalpy and entropy than MM of 18G/A. ΔH23, ΔS23, ΔH12 and 
ΔS12 were used to obtain free energy changes of the duplexes in Figure 4.11. The 






































Figure 4.10 Determination of thermodynamic parameters for MB_MX-FAM. (A) the 
slope of the fitted line is -ΔH23, and the intercept is ΔS23; (B) the slope of the fitted 
line is -ΔH12, and the intercept is ΔS12. 
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Figure 4.11 showed the free energy change of the duplexes with temperature 
based on ΔH23, ΔS23, ΔH12 and ΔS12. Phase 1PM represented phase 1 of PM duplex. 
Phase 1(12cc) and 1(18ga) represented phase 1 of duplex formed by MB_MX-FAM 
with the MM target MX_12cc and MX_18ga, respectively. The equations of the lines 
were: “ΔG3 = 0”, “ΔG2 = 0.603θ - 210.2”, “ΔG1P = 1.984θ - 682.4”, “ΔG1-12cc = 
1.615θ - 534.4”, and “ΔG1-18ga = 1.668θ - 573.6”. Phase 3 was the reference state 
denoting zero free energy. Since the predominant phase at each temperature was the 
one with the lowest energy, the intersection of two phase lines indicated the transition 
from one phase to the other (Bonnet et al., 1999). Linear probes were regarded as 
having only phase 1 and phase 3 in the diagram, whereby MB and QBs were 
considered to have an intermediate phase 2. 
Figure 4.11A illustrated that the transition from phase 1(12cc) to phase 2 
occured at a much lower temperature than the transition from phase 1PM to phase 2. 
The difference between θm of PM duplex and the MM duplex was greater when the 
probe formed a structure (phase 2) after dissociation than the probe did not form a 
structure (phase 3). Δθm by intersecting phase 1PM and phase 1(12cc) with phase 2 
was greater than Δθm’ by intersecting phase 1PM and phase 1(12cc) directly with 
phase 3. Δθm and Δθm’ obtained from Figure 4.11A were 22.39°C and 13.61°C, 
respectively, which agreed with the Δθm obtained for 8C/C by MB_MX-FAM and by 
QP_MX-BODIPY from experiments. The line of phase 1(18ga) had slope and 
intercept both larger than the line of phase 1(12cc), due to larger ΔH12 and ΔS12. 
Consequently, the line of phase 1(18ga) was much closer to the line of phase 1PM, 
which resulted in a much smaller Δθm. (1.39°C). This explained the difficulty in 
discrimination of this terminal MM. 




Figure 4.11 Free energy of the three phases of a solution of MB_MX-FAM in 
equilibrium with target, calculated for a solution containing 1 µM of probe and 5 µM 
target. 
4.6.2 Thermodynamic analysis for MDR1 set 
Figure 4.12 showed the determiniation of ΔH23 and ΔS23 for the structured 
probes of MDR1 set. For MB3435G-FAM, QB3435G-TAMRA and QB3435G-
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481.6, 493.6 J/mol K, respectively. Considering the 5% standard deviations, ΔH23 and 
ΔS23 of the three beacons with the same sequence were comparable to each other. It 
suggested that the thermodynamic characteristics of the MB and QBs were similar 





















Figure 4.12 Determination of -ΔH23 (slope of the fitted line) and ΔS23 (intercept of the 
fitted line) for for MB3435G-FAM, QB3435G-TAMRA and QB3435G-BODIPY. 
Figure 4.13 showed the determination of ΔH12 and ΔS12. For PM duplex fomed 
by MB3435G-FAM, QB3435G-TAMRA and QB3435G-BODIPY, ΔH12 was 425.9, 
1272.1, and 2189.5 kJ/mol, respectively, and ΔS12 was 1146.2, 3664.5, and 6445.2 
J/mol K, respectively. For MM duplex of 11C/C fomed by MB3435G-FAM, 
QB3435G-TAMRA and QB3435G-BODIPY , ΔH12 was 414.7, 331.5, and 447.0 
kJ/mol, respectively, and ΔS12 was 1161.7, 914.3 and 1266.4 J/mol K, respectively. 
ΔH12 and ΔS12 were much larger for the PM duplex than the MM duplexes. QB3435G-
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BODIPY had the largest ΔH12 and ΔS12, and MB3435G-FAM had the smallest. It 
suggested that the thermodynamic characteristics were quite different for the MB and 
QBs during transition from hybridized duplex (phase 1) to closed beacon structure 





















































Figure 4.13 Determination of -ΔH12 (slope of the fitted line) and ΔS12 (intercept of 
fitted line) for (A) MB3435G-FAM, (B) QB3435G-TAMRA and (C) QB3435G-
BODIPY. 
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Figure 4.14 showed the free energy diagram for the duplexes based on ΔH23, 
ΔS23, ΔH12 and ΔS12. Though all the beacons had identical sequences, duplexes 
formed by them displayed different free energy change with respect to temperature. 
Δθm by MB3435G-FAM was the highest, followed by QB3435G-TAMRA and then 
QB3435G-BODIPY. This was mainly related to the increasing slope and decreasing 
intercept of phase 1 line for PM duplex (∆G1P) from panel A to C. For example, in 
panel A, ∆G1P = 1.728θ – 587.6; in panel B: ∆G1P = 4.248θ – 1434.5; and in panel C: 
∆G1P = 7.040θ – 2353.8. In comparison, the change in intercept and slope of phase 1 
line for MM duplex was relatively small. In panel A, ∆G1(11cc) = 1.743θ – 576.3; in 
panel B, ∆G1(11cc) = 1.497θ – 494.0; and in panel C, ∆G1(11cc) = 1.862θ – 611.4. As the 
slope of ∆G1P increased and the intercept decreased significantly, smaller Δθm was 
intersected by phase 1 lines with the phase 2 line. The varied slope and intercept of 
phase 1 lines were due to the increasing ΔH12 and ΔS12 from MB3435G-FAM to 
QB3435G-BODIPY. In summary, results showed that Δθm of the MB and QBs 
decreased as ΔH12 and ΔS12 increased. 























































Δθm = 11.5°C 
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Figure 4.14 Free energy of the three phases of a solution of (A) MB3435G-FAM, (B) 
QB3435G-TAMRA and (C) QB3435G-BODIPY in equilibrium with target, 
























1(11cc) Δθm = 7.7°C
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5 DISCUSSION 
5.1 Quenching efficiency and S:B ratio 
The performance of a QP is directly affected by its quenching efficiency in the 
hybridization assay. If the fluorescence of the QP is not quenched efficiently upon its 
hybridization to the target DNA, the background noise will be high and close to the 
fluorescence intensity obtained from target hybridization. As a result, target detection 
and quantification will fail. Though complete quenching is not possible to date, 
adequate quenching efficiency is vital for QPs to perform optimal target detection, 
quantification and MM discrimination. An example would be QP3435G-FAM, for 
which θm and ∆θm failed to be obtained due to its low quenching efficiency. For QPs 
with adequate quenching efficiency, weak fluorescence quenching could be an 
indication of non PM targets DNA, but it also resulted in problem for quantification 
and acquisition of θm for these MM targets. 
Quenching efficiencies of QPs labeled at the 3’-end and QPs with varied 
sequences next to the fluorescent dye were investigated in this study. Kurata et al. 
(2001) and Torimura et al. (2001) have examined fluorescence quenching efficiency 
of QPs labeled at the 5’-end only. Our study showed that QPs with fluorescent dye 
attached at the 3’-end worked well and quenching of fluorescence was not affected. 
Results showed that BODIPY FL-labeled QP had the highest quenching efficiency, 
followed by TAMRA-labeled QP and FAM-labeled QP. This observation agreed with 
previous reporting using 5’-end labeled QPs (Torimura et al., 2001). Kurata et al. 
(2001) demonstrated that the largest degree of quenching (72% of intensity) occurred 
when a C was situated at the BODIPY FL-labeled end of the QP, and there was 
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almost no quenching (2% of intensity) when C was at the second position from the 
labeled end. Our study investigated both QPs containing one C (QP_MX-BODIPY) 
and two successive Cs (QP3435G-BODIPY) next to the dye, respectively, and 
showed that two successive Cs at the labeled end of the QP could improve quenching 
efficiency of the QP. This suggested that two successive Gs in the complementary 
target that were in proximity to the fluorescence site of the QP could further enhance 
the quenching efficiency. Cytosine at the third or further position from the labeled end 
was not investigated in this study. However, it was likely that the effect would be 
subtle as the distance between the dye and the base was too far for proper function of 
the photoinduced electron transfer. 
For MBs and QBs, a high S:B ratio can improve the detection and 
quantification of target DNA. S:B ratio is closely related to the quenching efficiency 
of a probe. Our study showed that the S:B ratio was reduced when the quenching 
efficiency decreased for probes attached with different dyes. Figure 5.1 showed the 
relationship between S:B ratio and quenching efficiency for MBs and QBs. In 
addition to results obtained in this study, two extra data points were obtained from the 
literature. They are an S:B ratio of 50-fold with a quenching efficiency of 96% for a 
fluorescein-labeled MB (Bonnet et al., 1999), and an S:B ratio of 7-fold with a 
quenching efficiency of 82% for a cy3-labeled MB (Ramachandran et al., 2004). A 
nonlinear relationship was observed between S:B ratio and quenching efficiency for 
both types of structured probes. S:B ratio did not vary significantly before the 
quenching efficiency reached to about 80%. After then, S:B ratio increased 
substantially with an increase in quenching efficiency. This had important implication 
in the design of MBs and QBs for improvement of S:B ratio. 















data from this study
data from literature
 
Figure 5.1 The change in signal-to-background (S:B) ratio with quenching 
efficiency for molecular beacon and quenching beacon. 
5.2 Molecular beacon and quenching beacon thermodynamic 
Thermodynamic properties of MBs and QBs were investigated in this study. 
QB is a new type of structured probe proposed in this study with a similar structure as 
MB, which has not been studied before. Understanding of thermodynamic basis of 
QB was useful to fully exploit its potential. Comparison of the enthalpy and entropy 
changes obtained for the different beacons reflected their relative thermodynamic 
stability during phase transition. With identical probe sequence, MB3435G-FAM, 
QB3435G-BODIPY and QB3435G-TAMRA of MDR1 set had similar ΔH23 and ΔS23. 
This suggested no significant difference in the equilibrium state of these beacons 
between their hairpin conformations (phase 2) and random coils state (phase 3), in the 
absent of target. 
The enthalpy change ΔH12 and entropy change ΔS12 are associated with the 
phase transition between beacon-target binding and beacon in hairpin conformation 
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(Tsourkas et al., 2003). Both QBs had significantly higher ΔH12 and ΔS12 than 
MB3435G-FAM. This suggested that both QBs formed less stable hairpin 
conformations than the MB after dissociation from the target. Moreira et al. (2005) 
showed that quenchers such as Dabcyl present in MB could have stablizing effect on 
oligonucleotide probes. Our observation suggested that the presence of Dabcyl 
quencher in the MB could enhance the stem-stem binding and the stability of hairpin 
conformation, compared with QBs without the presence of a quencher. ΔH12 and ΔS12 
of QB3435G-BODIPY further increased as compared with QB3435G-TAMRA, 
suggesting less stable hairpin conformation of QB3435G-BODIPY than QB3435G-
TAMRA. Study has shown that different dyes could have different thermodynamic 
contribution on duplex stability from interactions between the dye and the target, 
though BODIPY FL was not studied yet (Moreira et al., 2005). Our results implied 
that TAMRA might have a more stablizing effect on duplex stability than BODIPY. 
5.3 Specificity of quenching probe, molecular beacon and 
quenching beacon 
In general, the specificity of a probe can be characterized by Δθm obtained for 
MM using this probe (Guo et al., 1997; French et al., 2001). Our study assumed that 
Δθm beyond 2°C was considered significant to discriminate MM target from PM 
target. This assumption was based on the standard deviations of Δθm data obtained in 
this study and was specific for this study only. Based on the assumption, 78% of the 
single MM targets of Saeta set could be discriminated from PM target by QP_MX-
BODIPY, and 96% by MB_MX-FAM. 100% of the single MM targets of MDR1 set 
could be discriminated by MB3435G-FAM, followed by QP3435G-BODIPY and 
QP3435G-TAMRA (89%), QB3435G-BODIPY (81%), and QB3435G-TAMRA 
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(76%). For Saeta set, MB_MX-FAM exhibited higher specificity than QP_MX-
BODIPY by discriminating more MMs with greater Δθms. For MDR1 set, MB3435G-
FAM exhibited the highest specificity by discriminating the most MMs, while the 
QBs exhibited the lowest specificity. 
The phase diagrams for the probes (Figure 4.11 and 4.15) illustrated why MBs 
could distinguish MM target with higher specificity than the QPs and QBs. By 
utilizing the measured thermodynamic parameters, the phase diagrams predicted the 
θms of the probe-target duplexes, and Δθms between PM and MM duplexes. Figure 
4.11 suggested that the structural constraints on probe conformation of MB led to 
greater Δθm and enhanced specificity than linear QP. This was consistent with the 
study of MB specificity by Bonnet et al. (1999). They further suggested that the phase 
diagram constructed for MB should be common to all probes that could form an 
intermediate structure when they dissociated from their target. This was verified in 
Figure 4.14, where duplexes formed by the QBs were shown to have free energy 
change of three phases in a similar way as duplexes fomed by the MB. The difference 
in the specificity of the MB and QBs arose from their difference in ΔH12 and ΔS12 
when hybridized to target. The duplex formed by QBs had larger ΔH12 and ΔS12 than 
the duplex formed by the MB. Since the free energy of the duplex, ΔG1 = -(ΔH23 + 
ΔH12) + θ (ΔS23 + ΔS12 - RlnT0) (Equation 3.21), the ΔG1 line of the QBs had 
increased slope and decreased intercept as compared with ΔG1 line of the MB. This 
led to a change in the position of ΔG1 line relative to ΔG2 and ΔG3 lines for the QBs. 
As a result, the discrepancy between ΔG1 of PM duplex and MM duplex became 
smaller for QBs, and discrimination (Δθm) by QBs was reduced as compared with the 
MB. Similarly, between two QBs labeled with BODIPY-FL and TAMRA, QB3435G-
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BODIPY had larger ΔH12 and ΔS12, which resulted in its lower specificity than 
QB3435G-TAMRA. This also correlated well with the ANOVA results that the 
labeled fluorescent dye could have significant effect on discrimination level by the 
probe. Tsourkas et al. (2003) showed that MBs with stronger stem-stem binding had 
better discrimination ability between targets. Similarly, our observations with MBs 
and QBs showed that the beacon structure associated with MB and QB could form a 
more stable hairpin conformation (e.g., higher specificity). It is possible that 
specificity of the beacons was directly affected by ΔH12 and ΔS12, and decreased with 
increased ΔH12 and ΔS12. This provided insight and important implication for design 
of structured probes with high specificity. 
5.4 Effect of MM position and type on Δθm 
Our MM discrimination study using QPs, MBs, and QBs consistently showed 
that both MM position and type had significant effect on Δθm. Figure 4.9 revealed that 
MM positions could significantly affect Δθm, except for MM type of C/C, A/C and 
T/C located between position 5 to 16. The mean Δθms of the rest MMs of MDR1 set 
depended strongly on the position, and gradually increased from both ends to the 
central position (Figure 4.9B). This agreed with the results reported by Guo et al. 
(1997), showing maximum destablizing effect of a MM could be obtained at the 
centre of an oligonucleotide. Saeta set did not show such consistent dependency of 
Δθms on MM position, probably because it consisted of fewer probes than MDR1 set 
(Figure 4.9A). Effect of MM position on Δθm was more significant than MM type 
when MM was at or near terminus. For example, data of both probe sets agreed that 
the terminal MMs were the most difficult types to be discriminated. With the same C-
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involved MM type, MMs at position 1 of MDR1 set were more difficult to be 
discriminated than MMs at position 2. This was similar for T-involved MMs of 
MDR1 set at position 3 and 4. Urakawa et al. (2002) suggested that the MM position 
was more important than its type for duplex with near-terminus or terminus single-
base MM. Lee et al. (2004) also showed the dependency of Δθm on mutation site but 
not mutation type for positions 1 to 3 from both ends of a 20-mer oligonucleotide. Our 
results correlated well with previous findings. The effect of MM position on Δθm 
suggested that MM should be positioned at the centre instead of at or near termini 
when MM was introduced into a linear or structured probe to maximize 
discrimination. 
This study further observed that MM type had predominant effect over MM 
position on Δθm for MM types of C/C, A/C and T/C located within position 5 to 16 of 
the 18-mer oligonucleotide. MM types of C/C, A/C and T/C at position 5, 7, 11 and 
13 of MDR1 set generally produced similar and significantly greater Δθms than all the 
other MM types at the other positions, including MM types of G/G, A/G and T/G at 
position 10, which was at the centre of the 18-mer oligonucleotide. Similar results 
were observed with C-involved MMs at positions 8 and 12 of Saeta set. Δθms of C-
involved MMs at positions 15 and 16 of MDR1 set were more affected by MM type 
than position. The negligible effect of MM position on Δθm was previously reported 
for a G/A MM from position 4 to 12 of a 15-mer oligonucleotide (Bonnet et al., 1999). 
However, this effect was only found for MM types of C/C, A/C and T/C from 
position 5 to 13 in our study. Furthermore, C/C, A/C and T/C also produced the 
greatest Δθm among all MM types, suggesting that they were the most unstable pairs. 
At a certain position, Δθm was strongly depedent on MM type. Among T-involved 
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MM, C/T and G/T produced the greatest and smallest Δθm, respectively. Among A-
involved MM, C/A and G/A produced the greatest and smallest Δθm, respectively 
(Figure 4.7, 4.8). Δθms caused by G-involved MMs were close to each other. No 
consistent conclusion could be made on which MM type produced the greatest Δθm 
among G-involved or C-involved MMs. Thermodynamic studies have shown MMs of 
G/T and G/A to be stable duplexes, and MM of C/T as one of the most unstable pairs 
(Werntges et al., 1986; Lee et al., 2004). Our results correlated well with previous 
experimental findings. The effect of MM type on Δθm implied that G-involved MMs 
should be avoided and C-involved MMs should be used in probe design to maximize 
discrimination. 
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6 CONCLUSIONS AND RECOMMENDATIONS 
6.1 Conclusions 
The liquid phase characteristics and hybridization performance of three types 
of probes, namely quenching probes, molecular beacons, and a new probe format 
called quenching beacons, were investigated. These characteristics included 
quenching efficiency of different probe formats labeled with different fluorophores, 
S:B ratio of the probes upon hybridization, and the specificity of the probes to 
discriminate MM targets from PM target by the difference in melting temperatures 
(Δθm). Based on these characteristics, the ability of these probe formats to detect 
complementary target sequence and discriminate single nucleotide variation in target 
sequence was evaluated. 
This study confirmed the utility of BODIPY-FL and TAMRA fluorophores in 
quenching probes. BODIPY FL- and TAMRA-modified quenching probes both 
showed good quenching efficiency upon hybridization with complementary target 
sequence, and comparable specificity to discriminate MM target from PM target. In 
contrast, 6-FAM fluorophore was shown to be an inefficient reporter dye for 
quenching probe due to the low quenching efficiency. These findings enhanced the 
understanding of quenching probes, demonstrated their potential in hybridization 
based assay, and confirmed TAMRA dye as a new alternative fluorophore for the 
design of quenching probes. 
The new probe format, quenching beacons, developed here was found to be 
not suitable for real-time detection in homogeneous assay. Although they were 
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structurally similar to molecular beacons, the fluorescence quenching by guanines in 
quenching beacons was less efficient than that by Dabcyl in molecular beacons. 
Therefore, quenching beacons regardless of the type of attached fluorophore showed 
consistently poorer quenching efficiency, higher background fluorescence, and lower 
S:B ratio than molecular beacons. This finding improved the understanding of 
hairpin-structured oligonucleotide probes, and helped to reduce failures in the future 
development of fluorescence quenching based hybridization probes. 
The S:B ratio of molecular beacons and quenching beacons was demonstrated 
to correlate with their quenching efficiency. This correlation was investigated with an 
empirical curve based on data from both this study and the literature, which suggested 
that high quenching efficiency should be ensured to achieve high S:B ratio for 
fluorescence quenching based hybridization probes. This finding provided a very 
useful criterion for the design of fluorescence quenching based hybridization probes 
with high sensitivity in detecting target sequences. 
This study also showed that molecular beacons had higher specificity and 
could discriminate more variations of single nucleotide MMs than quenching probes 
and quenching beacons. Nonetheless, quenching probes showed very close, though 
lower, specificity to molecular beacons. Thus, with its simpler design and lower cost, 
quenching probes could still be a very good candidate for applications like detection 
of single nucleotide polymophisms in genetic analysis. 
The thermodynamic analysis revealed that the specificity of the beacons in 
discriminating between PM and MM probe-target hybrids was inversely related to the 
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enthalpy (ΔH12) and the entropy (ΔS12) of the transition from hybridized to dissociated 
phase. For both molecular beacon and quenching beacon, the beacon with a more 
stable hairpin conformation could have higher specificity to discriminate MM. This 
could be an important consideration in future beacon designs in order to achieve high 
probe specificity. 
Discrimination studies of single-base MM from both probe sets showed that 
both MM position and MM type within the probe-target sequence could significantly 
affect a probe's ability to discriminate a MM duplex from a PM duplex. MM position 
had a more prominent effect for all MMs except MMs of C/C, A/C and T/C at certain 
positions. Regardless their types, MMs at ultimate and penultimate positions of a 
target were generally more difficult to discriminate than other positions. MM types of 
C/C, A/C and T/C were shown to give the greatest discrimination, while those of G/T, 
G/A and G/G were very stable and were thus difficult to be discriminated from the 
PM. These findings are useful to optimize the design of oligonucleotide probes to 
improve MM discrimination for either liquid-phase hybridization or DNA microarray. 
6.2 Recommendations 
The experiments in this study showed that molecular beacons with good 
design could provide high specificity and excellent ability to discriminate single-base 
MMs. However, this could not be consistently achieved because the design of 
molecular beacons has no defined guidelines and still relied on time-consuming and 
expensive trial and error. Thus, further research would be useful and necessary to 
better understand the structure-function relationship of molecular beacons. 
 Chapter 6 Conclusions and Recommendations 
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Study of BODIPY FL- and TAMRA-modified quenching probes demonstrated 
their potential in hybridization-based detection of specific DNA target with high 
specificity. Based on this preliminary study, further research can be carried out on the 
application of quenching probes in other hybridization assays performed in solution 
and on solid phase. These hybridization assays include PCR, a liquid phase 
hybridization assay particularly useful in detecting small quantities of target DNA, 
and DNA microarray which is useful in simultaneous hybridization of large quantity 
of probe-target pairs. It is possible that the advantages of quenching probes such as 
simple design, detection sensitivity and specificity could further improve above-
mentioned hybridization assays. 
This study showed that MMs at ultimate and penultimate positions of a target 
and MM types of G/T, G/A and G/G were relatively difficult to be discriminated from 
the PM. Future research could focus on ways to enhance the discrimination of such 
types of MMs. While the specificity achievable by using one probe alone has been 
shown limited, alternative ways of utilizing probes might be beneficial to achieve this 
goal. One methodology was to incorporate non-perfectly matched oligonucleotide 
probe together with PM probe in target-specific hybridization to improve SNP 
detection (Lee et al., 2004). Microarray platform or multi-color detection in 
homogeneous assay might be considered for this methodology. 
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